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ABSTRACT ^ . ' ' ^ 

Solar photovoltaic cell? have been cai-led the 
ultimate energy technology, environmentally benign and without moving 
partsV solar cells directly convert sunl^ight into electricity. 
Photovoltaic energy conversion is fundamentally different from all 
otjier forms o& elect ric i ty generation. Withou£ turbine^, generatbrs 
or other mechanical equipment, it more closely resembles 
photosynthesis, the biochemical process that forms the energy basis 
of life on earth^. A product of mid-twentieth century solid-state 
physics, photovoltaics has attracted a wide range of sypporter s^^ . 
hack-to~nature homes teader s , envi ronmen tal ists, politicians", andr 
businessmen. Increasingly, ph'otovolta ics^ is a world of big business, 
with oil companies contributing a sizable share of the iiearly 
half-billion 'dollars invested worij-dwide 4n 1982. AlthouCfh research 
and development still fc5?m much. oL the solar cell industry, practical 
use of the technology is growing rapidly. Photovoltaic technology, 
cost reduction, the photo<^oltaics i ndu§t ry , *■ governmen t programs and 
international competition, apt)lications of photovoltaics technology, 
solar power stations, and the futCire of scl^ar power are discussed in 
separate sections. (Author/JN) 
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Introduction 



Sotar pholcHolUiiL cells hdve been colFed the ultimate energy 
technploev ^EnvironmentalK benign K\nd uithuut moving 
parts, solar cells directly convert sunlight, the world's most 
abundant and widespread renewable energ) source, into elec- 
' tricity,' one of the most versatile and \aluable forms of entrgy. 
' 'Photovoltaic' energ) conversion is fundamentallv different from M\ 
other forms of electricity generation. VVithuut turbmes' genef^itors or 
other mechanicai ei]uipment, it more cloself resembles photo- 
synthesis, the biochemical process that forms the energy basis of lift^ 
on earth, * , . . 

Solar photovoltaics mav become one of the most rapidl) expanding 
energy sources— and i)ne of the biggest grov\ th industries— of the late 
twentieth century . Photovoltaics production has increased at a rate of 
more than 50 percent annually Tor/the last five years, and a steady 
stream of companies is entering the solar efectricity. business. Mapy 
governments h^e dramatically boosted their support of pl1oU)7 
v^ltaics and international competition is^ growing. Amid steep de- 
clines in the use of oil, recent abandonment of synthetic fuel projects 
. and financial troubles in the nuclear power industry,. photovoltc'iiLs is 
a striking exception.^i healthy "sunrise" industry in a sea of economic 
and energy troubles. ^ ^ 

A^roducl of mid-twentieth cehtwry solid-state physics, photovoltaics 
does not fit the popular image of solar energy. It is a world of high 
•technology laboratories, secret plans, patents and weekly rumors of 
the "latestbreakthriUigh/' Most of the pioneering research is done (;)y 
specially -trained physicists and engineers who measure their prog- 
ress in parts per billktn, a dramatic contrast to the'mega-engineenng 
dominating tne utility industry today." 

Yet the promise of photovdtaics has attracted a wide range of sup- 
porters back to-natute honriesteaders, env iriinmentalists, politicians 

— y 

I wish Uj Ih.mk Kidi.inl C urr\, Kobirl li rbi-r, C«iKm \\\\}i.'t, Robert Juhnsun, Henry 
Kfllv. Lt'on.irJ M.i^iJ, i'.iul \f<ivii)ik, Rahiiril Miinsun, Alan I\)stlethvv»uk\ MDrtinu-r 
IVinu'. Jt'flriv I Sniith, Harri U SUmiblcr tinj f Alvv«ird. Siilli\»in lor their rcMcws ot the 
in*inuscript , 
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of all htnpeb and hardened bubinebbmen. InaeasingK, photovoltaics 
IS a world of big bubinebb, with oil companies contributing a sizable - 
bhare ot the nearlv Vialf-billion dollars invesred uorldWide in 1982. 

Although research and development still form much of the swiar cell 
industry, practical use of the technology is growing rapidly Many of 
us regularly relv on solfir electricity when making long distancfe 
phone calls since all communications satellites are powered by 
photovoltaic cells. And in remote areas, telephones and other com- 
munications equipment often rely on photovoltaics. On a more lim- 
ited* basis, solar cells provide power for watA pumping, desalination 
and lighting. And there are approximately 10,000 solar electric resi- 
dences, mainly in rurat areas w ithout access to utility power lines. 
Ray Rudd, a retired welder who lives in the Beartooth Mountains in 
northerly Montana with the help of solar electricity, notes that, 
"WhenAou're used to no lights in the hills, it's pretty darn slick to 
have s/lar lights."* . 4 

These early uses for solar cells only hint at the ultimate worldwide 
potential of photovoltaics. Solar electricity systems can provide re- 
frigeration or milled flour at remote Third World villages. When 
mounted on suburban rooftops, solar cells can supply reliable 
inflation-proof electricity, as well as independence from outside 
sources of energy. Photovoltaics c^n alsor'be inslalled at large, cen- 
tralized solar electricity stations operated by utilities, helping to di- 
versify the energy sources feeding into power grids. 

Photovoljaics IS a proven technology, with an impressive record of 
rehaSilitv^'et the widespread use of solar cells hinges on one major 
challenge, cost reduction. At the current price of just under $10 per 
peak watt of generaiing capacity it would t/ike a $50,000 photovoltaic 
system to meet the power needs of an energy.-efficient modern 
home.^ Prices hue fallen by 50 percent in the last five years alone, 
however, and new technologies and manufacturing processes are at 
hand that virtuairy guarantee major cost reductions during the rest of 
the eightieS^inte there are so many use*» for photovoltaics, no^ingle 
price makes it economically competitive. Already solar electricity is 
economical for communications systems and for many small village 
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ejpplications. Soon it w ill be used by remote industrieb and towns as 
,well as by some utilities. Eventually photovoltaics will become a 
common rooftop technology throughout the world. . 

ApproxirftateK 60 companies are now manufacturing photovoltaics in 
20 different countries. Already ov er half the solar cells produced each 
vdar are exported, and investment strategies,and marketing skills are 
becoming as important tD success in the industr) as technological 
advan(;f?s Also crucial are the policies of governments, tvhich have 

• played a major role m the development of solar cells since the fifties. 
Severe reductions in the U.S. Government's photovoltaics program 
by the Reagan administration have been welcomed b) European and 
Japanese competitors, whose governments are stepping up their 

' support of pht^voltaics. The United States is now in danger of losing 
its once overwnelming lead in the industry, 

f ' /- " 

Developments planned or alreadv under wa) make rapid pVogress in 
photovoltaics a near certaintv in 'the next few years. Worldwide pro- 
duction of solar cells will expand at least fiftyfold and become a 

(multi-billion dollar business t>v th;e earl) nineties. And sometime 
around the middle of the next century the world w>ll likely get 
between 20 and 30 percent of its electricity from pliotovoltaics. 

Yet solar electricitv will be even more important than these numbers 
indicate Just as solar cells today serve an irreplaceable function 
aboard i?atellites, the\ will also mei?t many needs on earth that would 
otherwise go unfulfilled. For man) among the more than one billion 
people still Jiving without eleetncit), photovoltaics represents their 
best chance for a reliable power supply. 



A Space Age Technology 

In early 1954, a small team oi scientists at Bell Laboratories in the 
United Statej>was tr)ing to find a practical wa) to generate electncity 
for lelepflbne s)stems in rural areas not connected to a power gncl. 
The Bell researchers were already familiar with the "pnotoelectric 
effect"— that light falling on certain materials Could cause a spark of 
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eleLincitjj^— thcinivs to the vvucK of French sciei^tist Eflrnund Becquerel 
in 1839. Twentieth century yrfiybics^ including the pioneering vv^ 
Albert Einstein, revealed mat tin> "photons ' or particles of light can 
strike the electrons surrounding atoms, causing a free stream of 
electrons— the basis of/electricity. Using this,«iowledge, scientists 
d'ev'elo^ed pnmitivti pdaotovoltaic cells soon a/ttr the turn of the cen- 
tury. Made of selt^ottm, 'these c^lls were extrVmely, inefficient iXnd 
exorbitantly expens^e, little more'than'a scientific curiosity. Turning, 
this idea into a practipil pov\^er source \Vas a daunting challenge 
indeed.** ' *^ 

As often happens m such endeavors, the initiall^ unsuccessful efforts 
of the Bell researchers w ere transformed bit of serendipity While 
the s6entists we^e trvipg to iroprov e the efficiency of seleniimi cells, a 
separate Bell researcn team v\ as developing an electronic c\e>\ce made 
of crystalline silicon. This team accidentally dibcovered that the sil- 
icon device produced electncity v\hen exposed to sunlight. The scie 
tists immediately realized that the tw o Research efforts shoijd b 
merged, and within days they achieved a remarkable breakthrough 
Whert>5rs the selenium cells conv^ted only I percent of the bunlight 
thev absorbed intoVseful electricity, the silicon solar cells converted 
eignt percent, a dramatic increase in efficiency. The scientists had 
another reason for excitement. The material ^^hey were using— 
silicon — IS the world's second most abundant element, composing 28 
pefcent of the eartK's crust. 

These research achievements were greeted with much fanfare amid 
the general technoK)gical euphoria ot thelfiftigs. Solar cells seemed to 
promise an unlimited \upply of electricity, and the news m^edia 

. jumped briefly on "the photovoltaics bandwagon. In 1957 B//si>n'.s5 
l\'crjl,vcelebrating advances in photovoltaics research, envisioned an 

.^tomatically controlled solar car in which ''all the riders could ^i^t 
comfortc\bly in the'back seat and perhaps watch solar-powered TV." 

It wa^iri.inauspiaous time, however, to develop a new energy tech- 
nology%i&l cost less than $2 a barrel and lar^e fossil fuel power plants, 
were berS^ built at a record pace. The price of electricitv was falling. 
Moreover, 1^54 was tlie same year tj^at construction began on the 



1^ ^ — 

"It was the space program — the very 
symbol of mo^dern technolSgy — that* 
rescued photovoltatcs from the 
technological scrap heap." 
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» world's fijg>t Lommercicil nuclear reactor. Nuclear pouer uas going to 
be the. source of elect ricitv "too cheap to meter," Massive government 
programs itad^een launched to fiarnu6s the atom. Compared with 
these efforts fhe^iij^a q( sunlight as an energv source seemed pnmi- 
' tive.^ * , " 

% 

Photov oltaics rehear^hers also faced an unsettling^ economic realit). 
Silicon cells deveKjped in the fifties were prohibitively expensive, 
w ith costs as hi^ as $600 per watt or $600,000 per kilowatt, several 
hundred tjmes as high as conventional electricitv sources.'^ After 
building a few pr()totvpe photo\oltaic panels. Bell Laboratories shel- 
ved Its developmient efforts. Although cost reductions vvere^clearl) 
possible, photov oltaics -as a cumpetrhve, practical elec t rip ty. source 
appeared to be well over the horizon. The major research effort 
needed \o lower costs could not be funded in afi era of declining 
electricity prices and'boo'ming nuclear povvef plant construction. 

• It was the space program— the very symbol of modern technology — 
that rescued photov oltaics from. the technological scrap heap. Ameri- 
caia scientists In' the late fifties were searching for a lightweight <vnd 

-/long^astmg power source for satellites. Photovoltaic cells were the 
answer. They have the additional advantage of being more efficient in , 
the 24-ha<ar intense sunlight available in space. In 1958, just four 
ve^rs after the Bell Laboratories breakthrougn, silicon solar cCils w^re* 
Doosted into orbit aboard Vanguard I, the second U.S. satellite.^ 

With the help of large cittftiiicts from the National AercAialilics and 
Space Administration (NASA), four U.S. companies entered the 
photov oltaics business and by tlu* late sixties were producing hun- 
^ dreds of thouilmds of solar cells acvear (enough to venerate 80 kilo- 
watts of powtf). Amid, the hVady\ompetition of tne post-Sputnik 
space race, the Soviet Union was soon eL]u1pping its satellites with 
photov oltaics as well. Today stflar cells power virtually all Sc^tellites, 
including those for defense as well as scientific research. Solar elec- 

I tncit) li* particularly iiuportant to the growing world inforrrtation 
economy sino' solar cells are used on satellites that relay long dis- 

^ tance telephone calls, cornputer hookups and television trans- 

' missions. ♦ 
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The cichievemenls in solar cell research during the peak vtitirs of the 
space program included a major mcrease in efticiencv and ainodest 
reduction in cost to between $100 and $200 per ivatt by 1970/* Yet 
photovoltaics was still far from practical for terrestrial use. Much of 
the space program's research efforts improved the efficiency and 
durabihtv of solar cells exposed to rigors of conditions beyond the 
atmosphere. In the early seventies solar cells were still at least 50 
limes as expensive as conventional ttschrvologies for electrical genera- 
tion' But cost mattered little since relatively feu cells were requirK^.1 
and the NASA budget was astronomical anyway. 

Rising tossil tuel prices in the seventies spurred researchers to cle- 
velop solar cells mr use on earth. Between 1972 and 1975 new re- 
search pfogr^ims began in Europe, Japan, the Soviet Union and the 
United States. Perhaps a do/en private companies entered the solar 
cell research or prc)duction business. Although substantial tech- 
nological ehalK'nges remained and significant profits m photovoltaics 
were at lejst several years away, the potential reWcVds seemed well 
worth ihe^^j^j^ to many scientists and entrepreneurs, 

Md\oT advancers have been made in solar cell techm)fogy in the last 
clecade, boost^g the efficiencv of commercial photovoltaic modules 
to 10 percent .\nd higher while improving reliability. More impor- 
tantly, solar Lell costs have fallen to a tenth their level in the early 
seventies. As a result, a steadiK growing market for solar cells has 
been established and new companfcs have continued to enter []^e 
business. Worldwide production of photovoltaics is measured by the 
kilowatts of fjeak capacity that the solar cells can generate The an- 
nual manufacture of photovoltaics has grown from a fev\ hundred 
kilowatts of peak power capacity in the mid-seventies to about 8,000 
kilowatts (8 megawatts) in 1982—100 times the highest space program 
level, (See Figure 1.) Altogether the solar cells manufactureo in 1982 
can provide as much power as is used In approximately 1^800 energy- 
efficient modern houses.**^ 

Single-crystal silicon cells similar to those produced by Bell Labor- 
atones continue to dominate the industry, althowgh many othr types 
of solar cells are being developed. Silicon is, one of a family of ele- 

er|c ' / 10- 
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Figihe 1: AnnuaCyVorld Production^of 
Photovoltait Cells, 1970-1982 
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mcnts known os .semitondiiLtorb th*it havu properties? in between 
thobe oi a metal and nonmetal and so tundutt elettritit) onlv slf^htlv . 
Thib lb tl>e babLs ot siliton's photovoltaic propertieb, buLbeveral htcpb 
are requiredltu t.urn ordinary bilicon -tkc mam coiliponent of band 
into a solar cell. The biliton mubt first be bcparated from the oxv^en 
with whieKit lb normallv toJnbined and then. purified to the poirit 
where Iht^ft* ib leb^ than one nonbiliton ati)m oer billion. Thib be mi 
i^i^inductor grade bilieon' ib oiYe of the pureMviximmerLial materia lb in 
the world, .with a pdict* tag between $60 and SlOO per kilogram." 

lb muUed at a ver) high tempet;ature and then 
a'vat to form a large crystal aboutT^Lentimetens 
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The purified ^iliton 
blowl) drawn horn 



in dinmeter and muLh as ^ metl'r lon^, proLcdurc known as the 
Oot^hralskh process. The Lr.ystiil is thep Jaid on its side and Liit into 
thin round wafers usin^ a Jiamond saw, a proLedure resembling an 
extremcl) diffiNnlt'vcrsion of shLing bologna. Unlike bi)lo^na,vhi^ of 
the silicon Lrvs^al, nov\' worth hundreds o^ dollars per kilogram, 
lui*ned into useless dust by the slicing process. 

The thin sliLes ot siliLon crvstal that remain must Lontain traeesof two 
materials in order to generate electricity. One, usually boron, is 
^ added to the molten silicon betore it is Lr)stallized. Phosphorous is 
later aclded to one side of each wafer, forming a barrier of eleetric 
charge between the two parts ot the solar ^.elt that direets the llov\ of 
, -electrons. ^. ^ ^'''7^ 

Metal contaLts placed on the tront and back ot the solar *.ell foYm an 
electric circuit, and the cell is sealed wv^h soft plastK and glass for 
protection. GrQupjS of Leils are mountevi on a ngid piate and wired 
. -together to form a photovoltaiL panel or module, tvpinjllv* a s*.]uare 
* meter m size, with a generating taptKitv of approximately 100 watts. 
The whole devue resembles a water heating solar Lollector exLept for 
itsdistinLti\e dark round lcIIs. When sunlight hits a si)lar,iiu)dule the 
silicon electrons leav^e their atomie "shells' and, be La use of the ek'L- 
tronic phttern*i of the photovoltaic device, eleetrons flov\ through 
Wires tfiat jom the sides ot the cells. Toda) commercial solar modules 
typiLallv turn 10 to 12 pereent of the sunlight that strikes them i^ita 
elatriLit.y,^and laborator) *effinencies of 15 pereent and liigher are 
ccmimon. ' ' • # - 

Several hur^dred LOmpanies are now involved in the^ photovoltaiLS 
ind.ustrv v<orldvvide Of these about 60 manufacture and sell photo; 
v<)ltaiL modules and .another hundred product raw materials, tom- 
pon<»jnts or^ solar elettnc produtts. A much larger group of compa- 
nies^ .^numbering well owr a hundred, and inL^ULlmg some major ^ 
COrpp^ations, Londutts research and development on new t)pes of' 
suUr tells. Some of these Lompanies ma) si^on enter the Lommerual ^ 
market with new photovoltaiL technologies. Total sales ot solar elec- * 
trij. s>j''stems thmbed to approximatel) $150 million in 1982, antl pri- 
vate investment has reaLned close to $300 million annuallv, anotner 

ERIC 10 



"Papua New Guinea, one of the least 
dtjvelopied parts of the world, has a so- 
phisticated telecommunications network 
run by solar electricity." 



indication that tht* induhtrv it, moving from infancv to adolebcence. 
France, Italy, Japan, the United States and West Gormanv ar'e the 
leadmg countries in photovoltaies today.'". ■ . * 

Current uses for solar cells are quite diverse, though they have 
proved mosf pop'&lar in applications for which conventional energ) 
sources are irnpractical or sinlply not available. About a third of 
today's solar electric s) stems are used at remote communications 
iostallations. Approximately 20 percent pravide power for water 
pumping, and another 15 percent are used At isolated houses! The 
remaining solar cells meet needs ranging' frbm electrical rust pro- 
tection of bridges tojthe lighting of fire.IookoutsVnd aviation beacons. 
Most of, these systems, are still expensive, particularly since they 
usually require batt^^ries to store electricit) for times when the sun is 
not shining. But the> are usuall) less expensive than any other tech- 
nologies that can be used for'such small-scale remote applications.'^ 

This remote-applicatioris market for solar i^ectric systems continues 
to grov\ rapidlv. Toda>"oil companies use photovoltaic power to help 
monitor the operation of their remote pipelines. Papua New Guinea, 
one of the least developed parts of tne world, has a sophisticated 
ttjecomnninications netwoill !*unjb) solar electricity. Photovoltaics is 
also a main power source for pumping water, refrigeration and light- 
ing in C4>ua New Guinea. And photovoltaic systems are literally 
saving lives in the Canadian Rockies *nd Swiss Alps, where solar 
electricity is used at remote rescue stations for stranded mountain 
climbers arid cross-country skfers.^'* * 

Photovollaics has already established an impressive record of re- 
liability in extraordinarily harsh conditions. In space solar cells work 
in a vacuum at extrcmelv high and low temperatures while constantly 
exposed to inta^se racliation. Back on ear^ photovoltaic systems 
*have been installed in communiLations sj stems on the froze^.tundra, 
in fire lookciuts atop high peaks and with' water pUmps in par^ed^ 
deserts Tougher tests for a new technology would be hard to design^ 
but there hav e been remarkably few solar cell failures. In fact, the first 
photov oltaic system sent ^nto space operated wjthout interruption for 

.E^ . ,,:i3 . 



eight yedrs — nuedk-bblv occupving a rddio band bincc iti» transmitter 
had no cutoff device.. 

Solar cellb are reliable because the) are bolid-state devices >ith no 
moving parts and relativelv httle to go wrong. Sunlight interacts only 
with the electrons in the cell and does not alter .the material itself, stt 
solar Leils can List indetini'telv . This is not true ot any technology that * 
has mechaniLal parts — which must eventuallv wear out— such as a 
wind turbine, diesel engine or nuclear power plant. The lifetime of 
photovoltaic sv stems is limited only by supporting and protective 
equipment that will likely last from 20 to 30 years. Reliable systems, 
however, must be securely enclosbd in plastic and glass since water 
and other .impuritieb can catlse corrosion. Removing accumulated 
dust or OLcasionally replacing storage batteries that may be included 
4n the system is the only maintenance required. 



The Cost Reduction Game 

Cost reduction is the key to solar electricity's current role and future 
PhiHovoltaiLS has so far follow ed a remarkable cost curve, with prices 
falling by an average of more than 50 percent every five years. Re; 
cently, average solar module prices hnve. olummeted from $20 p^r 
peak watt in 1977 to less than SIO in 1982. (bee Figure 2.) In few other 
industries have costs fallen so rapidly. Yet even at today's prices, a 
photovoltciiL syslem.just largtienough to power a 100-watt light bulb 
would cost at least $1,500, further cost reduction is obviously, 
essential.*^ 

R&D programs to redute costs continue to t^^ precedence over 
marketing and sales in the pbotovoltaics industry toaay. Some indus- 
try Jeaders believe it is too soon to* market photovoltaics and that 
commerLialization could distract from efforts to improve technologies 
for the much larijer markets of tomorrow. Even companies already 
selling millions of dollarb worth of solar electric s\ stems eacll^ear are 

flowing revenues back into research and development in order to 
eep pace as the industry evolves, Alljeali/e that photovoltaics is a 
dynamic field in which standing still could me^n falling behind. 

f 



' "Solar cells are reliable because they are 
solid-st3te devices with no moving parts 
/ and little to go wrong." 




1975 ' ^ 1980 1982 

Figure 2: Average Market Prices of ^ 
Fhotovoltaic Modules, 1975-1982 ™ 

Th^ largest industrial R&D prpgrams in phutovoltaicb are in those 
countries that entcr^^d tl^ field first. France, Italy, Japan, West Ger- 
many and the United States. Other countries with smaller programs 

•^include Australia, Belgium, Brazil, Canada, China, England, India, 
Mexico, the Netherlands, the Soviet Union, Spain and Sweden. No 

• other country can yet match the size and diversity of U.S. R&D 
efforts, but tnc Luropcans and Japanese are challenging for the lead 

' in some areas of research. ^'^ ^ , 

In all these countries government plavs a major role in developing 
photovoltaics, often chiinneling R&D funds to universities as well as 
private companies. And in most. nations, government assistanc^^ foi^ 
photovoltaics has grown. The $150 million spent on solar cell tech- 
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nology b>^Amurivan, Europec^n and Japanebe governmentb in 1982 
made^lt th^j second mobfiunded rtnewabit energ) technology^ ju&t 
behind J^olar heating agid cooling.*^*' 

Private investment in ^olar cell technology has risen even faster. 
VVhereis in the rnid-seventiebgovemment K&D dwarfed private pro- 
grams, approximately^ tvvo thirds of the $500 million spent in 1982 
caj3je from private, ind'iis*ry . Governments direct much of their sup- 
port to basic research an^l long-term goals, while private firms em- 
phasize short-term aim&» and trte dev.elopment of commercial tech- 
nologies. IncTt^asingly , private investment in photovoltaics is being 
used to develop, asseqibly line manufacturing processes that can 
greatly lower production costs. , 

c ♦ * " 

Both government and priv^le research programs have set specific cost' 
goals' for each of the Various compoiaents of a system, from silicon 
refining' to final in^tal kitten. These programs regularly monitpr 
progress in the various ar^as and occasionally redirect research efforts 
to moVe promising mijter^als or designs. The goals are undeniably 
ambitious, aiming to cut prices five- io tenfold over the next decade. 
These targets would have seemed fanciful in an era when technology 
evolved'at a morju^ leisurely pace, but this is the age of synthetic 
filatenals/microeltictronics and sudden breakthroughs ^Photovoltaics 
and miwoelectronicS, in fact, are close cousins since they both rely on 
semiconductors — ojjie reason that researchers are optimistic that cost 
goals can be met.^ ' ^ • ^ 

The current cost .of photovoltaics is high for a number of reasons. 
t>xpensive materials, energy-intensive processing, large labor re- 
quireii^ents (inclu4uig the meticulous hand-assenjj^y of cells), and 
extensive supporting equipment such as the array structure, electrical 
wiring and battery storage.. Thr^e broad av enues to reducing cosis are 
being followed. One is \hc develop'ment of inexpensive automated 
methods of manufacturing single-crvstal siljcon cells— the dominant 
technology 'Since the mid-fifties.. Tne second is to develop any of 
several alternative solaf cells that are likely to be much cheaper [& 
produce. The nlain ctiall^nge here is to Obtain acceptable efficiencies 
of at least 8 to 10 pertt?nt using solar cell materials without the in-. 



"The^Qals are undeniably ambitiouS; 
aiming to cut prices five- to tenfold over 
> the next decadje." 
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herenti) good photovoltaic properties of crvbtdUine silicon. In o third 
cost reduction strdtegv, researcherj, are' designing systems that 
greativ concentrate sunlight and so lower the cost of photovoltaic 
electricity, even with today's expensive solar cells. 

The largest and 'most heavily funded R&D effort is to upgrade and 
automate the manufacture or single-crvstal silicon cells. By one count, 
over a hundred iridustr) and university 4:ti;;earch teams are engaged 
in various aspects of this effort. Researcners aim to cut the production 
costs of purified silicon b\ at least two-thirds, to cfevelop high-speed 
crj'stal pullers and high-speed, multiple-blade slicing for the manu- 
facture*of the wafers, anci to automate the cell and arrav assernbly 
pfroccsses Some of these improvements have already peen intro-* 
duced in commerciakplantSj(ind others will be in the next few yeai^s. 
Scientists believe Jhat simply automating the manufacture of single- 
crystal silicon cells using recently /developed technologies (^ould cut 
the cost of photovoltaics b> more than Half within the "next five years, 
while, raising efficiency to at least 15 percent. 

Meanwhile, more innovative approaches to n^aking low-cost photo- 
voltaics are also under wa). Several comptlnies in the United States 
are directly producing large sheets of nearly single-cr)stal silicon 
using continuous ribbon growth techniL]ues. These bypass the ex- 
pensive and wasteful crystal growing' and slicing stages and are a 
major step toward automation. So far ribbon growth processes have 

^ succeeded in tbe labora.ti)r>, yieldmg high-qualit) efficient cells, that 
Compare fa'vorably with the performance of conventional single- 
crystal Cells, and, small-scale, commercial production is under wa). 
The next step is large-scale commercial production, which may hap- 
pen b) the mid-eighties. Thib would be c* significant advance for the 
industry ^?nd probabi) provide Ci)mpetition foi conventional silicon 

.cells.-' 

Another solar cell technology with considerable potential is the poly- 
crystalline silicon cell (composed of many crystals). Slued from a 
, large silicon ingot that is produced through an inexpensive casting 
proless, these cells lan be crrade from a less piire form of silicon that 
costs only a fifth as much as semiconductor-gr^de silicon does today. 
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The mam challengt.' it, m attaining a .sulficientK high efficiency since 
the gr.am buundaneb" befween the crystals natiwally reduce the 
ettectivenebb uf d photovoltaic cell. Indubtrv leaders are confident, 
however, that polvcr)i>talline solar modules can achieve 8 to 10 per- 
cent efficiencies c3t'a competitive price. Tv\o companies in the United 
States and one in West German) are independently developing poly- 
Lrystalline photovoltaicb. One^U.S. cpmpanv began manufacturing 
th'edeviLeb Lommercially in 1982 and soon vvifl produce its ov\'n "solar 
grade" silicon for these 06115.*^"^ 

Receiving vj;v en more research attention ar^ the so-called "thin-film" 
✓ solar celLs made (wji^ a variety of inexpenMve materials, including 
amorph/DU4> siliLon and cadrnium sulficie. Researchers hope that these 
materials Ldn one dav simpl) be sprav -coated on glass ur rolled out in 
a cuntiauous pro\ess mucn the same' Vv ay photographic film is today 
'Because such materials can be a fev\ micrometers or less in thickness 
(less than a tenth as thief as conventional photovoltaics), materials 
. costs can be reduced greativ . Photov oltaics specialist-]. Richard Burke 
believes that the lov\-u)st' pot at the end^of the rainbou*^ lies in the 
use of.trulv thin-film photovoltaic cells. "'^ hideed, if the currently 
modest efficiencies of such cells can be raised by 30 percent or so and 
production costs drop a(> lov\ as expected, thinrtilm technologies 
could svviftiv translorm the photovoltaics market. Yet, thin-film solar 
' cells have sH^eptics as well. Just hov\ they work is still not ctjmpletely 
understood, and some thin-film materials mav degrade over time. 
Many researchers dh^o question w hether^manufacturing processes for 
etiicient thiiViilm photovoltaics are hM^lv to be commerciali/yd in the 
near future. . . - 

Solar cells made of amorpl/ous silicon, are being aggressively de- 
♦ V eloped by industrv and governrfTont in both the United States and 
Japan. Composed of randomly arranged or noncrystalli/ed atones, 
amorphous silicon is a complex material resembling oi-dinarv glass, 
but with an unusual characteristic— it exhibits good photovoltaic 
properties with the addition of small amounts of hydrogen Since 
today's amorphous silicon photovoltaic modules are only 3 to 6 per- 
<.enl efficient, improved efficiency has so far been the main target of 
research. 
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The U S induslrv hdb developed the most advcinced dmorphous 
silicon cells, but has chosen to Concentrate on R&D. Meanwhile, 
beginning in 1980 japanese companies blazed the way to a com- 
mercial market bv installing the cheap, low-efficienc> solar cells in 
pocket calculators where pt)wer needs are low and efficiency is rela- 
tively unimportant This ingenious idea has allowed Japanese firms to 
start building large plants and so gain experience in perfecting the 
'manufacturing processes for amorphous silicon. One result is that 
several U S firm^ that had been biding their time may soon begin 
selling amorphous silicon cells commercially.^** ' ' 

It probably will be close to a decade before amorphous silicon be- 
corpjes a significant competitor in most niarkets. But its long-run' 
potential to revolutionize the industry is enormous, mainly because 
amorphous silicon is ideal for high speed, low-co^ production. Many 
photovoltaics researchers think that it is the d;;{,»am technology of the 
nineties. " . ' 

^ Other rtiaterials that can be made inta effective thin-fifm solar cells 
include cadmium sulfide, copper sulfhde'and cadmium* telliiride. 
T^otovoltaics using these materials 'have not yet been.marketed on a 
significant scale, but a great deal of research is under way and al least 
one U.S. cbm^patiy is aesigning a large cadmium^sulfide produ^^tion 
plant that jt believes could- yield competitive solar cells. Other, re-' 
searchers, however, think that cadmium sulfidq. is too unstable to 
make effective photovoltaics anytime soon. Additional thin-film ma- 
terials are being investigated intensively in indlistry and universitv 
laboratories. Although most probably will jneter De. widely useci, 
surprising advances continue to be made regularly and thc^ sheer 
breadth of the research efft)rts provide:* ample reason for optimism. 
One limitation* on some of these solar cell materials, however, is that 
they a^re quite rare or poisonous- -as is the c^L* with indium or ar- 
senic.*^'' ■ . ; 

Scientists are also at work on a number of innovative solar e'en de- 
sign*r. Because particular photovoltaic materials vary in their sen- 
sitivity to different vvavOlengths of light, researchers are^itttmpting to, 
increase efficiency by stacking several different cell types and so 
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Lonvert a bruader spectrum ot the Sun's radiation into elcctricitv . Thib 
design, known as the "tandem cell" or "multi-junction celf/' has 
aireadv produLtjd effiLiencies as high as 25 percent in the laboratory, 
but its praetual market potential is still uncertain. One intriguing idea 
IS that thin-film and tandem ^ell designs might one da\ be^Mmbined^ 
vieldjng a low-cost ami 'high efficiency solar cell.*^^ 

Another exLiting innovation is the electrochemical^olar cell that uses 
sunlight to produLe hvdrogen or sopie other usjeful fuel rather than 
ele^triLitv 13) mounting silicon or another semiconductor next to a 

^ special liquid eleLtrolyte, the sun's energy can be used to separate 
hydrogen atoms from water molecules. Efficiencies as high as 13 
percent have been achieved in the laboratory, and researchers are 
now developing a production process as well as seeking cheaper 
materials for these cells- Since Viydrogen has considerable'potentiajjis 

'a transportation tuel that can be substituted for gasoline, producing^ 
hydrogen inexpensively using the sun's energv^would be a major 
step lowafd resolving the' wbj-ld's^Ml»^problems."' * 

Another appi-oach to l^xirncssing inexpensive solar electricity is an 
optical concentrator system that acts Jikv'^i magnj^ving glass, mcreas-* 
ing thti amOunt ot sunlight striking a solar'pcine) 10 to a thousand 
times' The efficfency of most solar cells actually improves in more 
intense sunlight as'long as they are kept cojdJ. Therefore, inexpensive 
concentratv)rs can help generate electricity Economically even if the 
cells themselves are fairly expensive. 1 

Parabolic tri)Ughs and Fresneljens concentratordfhavtAecefved the 
most research attention ;in the last few years, awd each design^ has 
backers who feel it <gan 'tje^i^d to cover wide areas at low cc>st — 
allowing farms, industn&s t% utilities to generate power. Usually 
these systems include mechanical ''trockers' that maintain an optimal 
fingle to the sun throughout the day. The other key to a successful 
concentrator system is high efficiency cells^usLdlly above 15 per- 
cent. Most concentrator systems employ either Single-crystal silicon 
or gallium arsenide. The latter material has been used to produce 
solar cells with efficiencies of over 20 peVcent in laboratories in the 
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"Researchers wjll-versed in the field say 
that anyone claiming to know what will 
be tomorrow's cheapest solar cell 
. technology is a charlatan." 



United States and. Japan. So far the U.S. is clearly the leader in 
de>eloping concentrator systems for use with photovoltaics."^ ■ 

Photovoltaic concentrator systems face a number of problems that 
could limit their usefulness compared to simple "flat plate" solar 
systems. First, concentrators must include cooJing, systems to radiate 
away the heat that nat.urally 6uilds up and reduces efficiency. One ^ 
innovative solution turns this problem into an asset, using the excess 
heat tv) warm air or water. Tljese experiniental thermal-photovoltaic 
systems are in effect photovoltaic cogenerators. They have an overall 
conversion efficiency ^is high as 30 to 35 percent, but their practicality 
and cost-effectiy eness have y.et to be demonstrated. A second prob- 
lem IS that most concentrator systems include mechanical devices. 
They tend to break dow»n niore than nontracking ^'stemsand rec]uire 
more maintertance. A broader limitation on all cc)ncentrator systems 
IS that they perform' vvt?ll onl\ in direct sunlight, whereas flat plate 
photdvoltaics work adec]uately under light clouds or'haze. For this 
reason. ccJh cent rat or systems^may prove popular only in sunny re- 
gions such as the Middle East, southern Europe, •sub-Sahar.an Africa 
pr the southweSitern United Statt^s."*^ • 

Photovoltaic techn'ojogy is becoming ever m^re complicated, offering 
a bewildenng array of^ challenges and potentials. Researchers well- 
versed in the field say that anyone claiming to know what will be 
tomorrow's cheapest solar cell technology is a charlatan. Yejt the 
diversity is whtit rfiakes photovoltai'cs so promising. Pnmary mate- 
Vials, manufacturing techniques, array designs and systems tech- 
nologies can be combined and recombined in dozens of ways. Major 
cost reductions during this decade are virtually guaranteed and do. 
not require tht spectacular breakthroughs achieved in, the past. 

Both government and private' research programs have made major 
trff forts to predict future cost^and establisn realistic goals, since cost is 
the benchmark against which this technology is judged. The moM 
comynonly cited gv)als are those estt)blished by the U.S. Departmenjt 
of Energy (DOE) in the late seventies. DOE aimed to develp'p the 
Uxhnolog) needed to bring market prices for photovoltaic modules 
down to $2.80 per peak watt (ip 1980 dollars) by 1983, to 70c per watt 
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by 1987 and 40c^per vvdtt hy 1990. (Seu Figure 3.) The idea was 10 
make photo voltaiL.s iu\l\ Lompetitive uith conventional sources of 
electricity bv the nineties.^^ 
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Figure 3: Market Prices and Price Goals foV Photovoltaic 
Modules, 1978-1990' 

In retrospect, these i;uals were ambitious Lonsiderin^ the modest 
R&D programs established to achieve them. Although tei hnolo^^ies 
have Deen developed at about the pace expected, there are manv 
steps before a laboratory technology beLOines^an assembly lineproi{- 
ULt selling for just a few dollars per sijuare foot. Labomtory efficien- 
cies ol 15 to ZlVpercent are no longer rare. But efficiencies of 10 or 12 
percent in mass-produLcd inexpensive modules are proving much 
more difficult. Progress has been gradual rather than sudden, mainly 
because industry lacks the capital and large markets Qeeded to sup- 

Eort investment m large scale irianufacturing plants. More modest 
ut still optimistic goals have been e^tabJisned recently by the^ 



European Eci^momiL CorhmisMon and the Japanese government. Ea^h/ 
calls tor a 1985 figure of abt)Ut S3 per peak watt (1980 dollars) and $2\ 
per wattbv 1990. Independent analvstSLoncur v\ith these projedions 
and most see rapid market growth as a result of declming costs. ^' 

Injaddition to lowered solar cell costs, \he cost of several other com- 
r^nenti> of a photovoltaic svstem must^lso be reduced. These com- 
ponents typicallv include^ electrical wiring, power Conditioning, con- 
trol devices, battery storage, support equipment for^the solar 
modules, site preparation and mstallation. Collectively these are 
known as the "balance-of-sy Stem" costs and they ty picall^^ run be- 
tween $6 and S12 per,peak watt, accountmg for as mucn as 50^ percent 
of total cost. As a*resiJU, a full solar electric system today will usually 
cost beNween $15 and 525 per watt and sometimes more, depending 
on the size of the system, whether batteries are required, and other 
variables. Balance-of-system costs have been falling m recent years 
but not nearly as rapiclly as solar cell^co^4;^This trend is expected to 
continue, and the balance-of-system coul^ccount for as much as 80 
percent of the total cost bf>he earty nineties.^" 

Lowering *balance-of-sy stem msts is quite different from lowering 
solar cellcosts. Mo^t of the tVcnnologies a*nd procedures are already 
used extensively by other industries and are not likely to undergo the 
vast technical improvements tyat have characterized photovoltaics 
Lead acid batteries that hav e been used in aptomobiles for ov er a^ilf 
century, for example, are shJl the least expensive way of storing solar 
power arid often ucc*)unt /or well over half of the ba la nce-of system 
costs. Research and development oa improv ed batteries is con- 
tinuing, bul improve™ruSs;\re marginal and commercialization of a 
new battery "tecnnolog^apph^riate for photovoltaic systems is un- 
likely f^ijj^ least ten yeciVs. MeJ^nwhile, the price of batteries is actu- 
ally nsing because of^ tlie high c\sts of labor and lead. The costs of 
major materials used in solar electric installations- such as strucftiral 
steeC concrete und copper wiie— are even less likelv to fall dramati- 
•(T^jlly." ' ' 
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Efforts are oneoing to improve power conditioners, cut support struc 
lure costs, ana simplify wiWng and installation procedures. Standard 



< 



ized phutovoltciK systems andJ'cKtor) assembly arc the most prumih- 
in^ ways to lower these LO^ts, but CMch reL]uires a rriajor investment^. 
So far, the balanLe-of-system ^has been the black sheep of the photo- 
voltaics family, and neither government nor industry is makmg a 
large effort to reduce 'these costs. It is likely, "however, that as the' 
market for photovoltaics j;rows industry will begin developmg 
cht\iper inverters, simpler array -designs and the like. Meanwnile, 
govepnmentb should keep track of balance-of-systcm costs and pro- 
vide targeted support for the industry in this area. 

* 

Although uncertainties remain, clearer price forecasts are possible 
than those a few years ago. Larger manufacturing plants employing 
more advanced ai^d less expensive processes are scheduled to come 
on line m the next few years. AncI intense competition for market 
shares will tend to push prices down. Conventional crystalline silicon 
cells, together with ribbon growth and poly crystalline silicon cells, 
will likely dominate the market for the rest of this decade, though 
analysts differ as to which of these will be the most successful. Con- 
centrators will probably be widely used in many applications, par- 
ticularly utility plants. Beyond 1990 amorphous silicon and other 
thin-film technologies likely will capture the largest share of the mar- 
ket, pushing prices to new lows. 

The photovoltaics market will evolve gradually rather than in discrete 
stages and at each poirft there should be a range of technologies to 
choose from -each with its specialized applications. Module prices 
will probably fall to approximately $3 per tvatt (1980 dollars) by 1987 
and to about $2 per watt by 1990. At that price a total solar elbctric 
system will cost between $4 and $8 per watt and generate electricity at 
a cost of 15c to 30c per kilowatt-nour (as opposed to over $1 pel* 
kilowatt hour today). This is getting clo.se to standard electricity 
prices in many parts of the world, including Europe and Japan Pre- 
dictions bey oncf the early nineties are difficult to make since they are 
dependent on technologi*.?s barely beyond the laboratorv stage. But 
further substantial cost reductions are likely since the pnotovoltaics 
market will be large enough to attract big investments. Given the 
nsing costs of most sources of electricity, including co^il and nuclear 
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"Beyond 1990 there is a good chance that 
amorphous silicon and other thin-film 
* technologies will capture the largest 
share of the market." 



power, photovultaics ls hkcly to be a competitiv e ek'Ltrint) bourLe'm 
all but ti few tirt'cus oi the world tjy the niid-mnoties'',^'* 



The Birth of an Industry 

The photovoltiiKs mdustry h<i.s olwayi^ .stood tipart from other re- 
newable cnerev indubtrieb. Whereas' wmd power and .solar water 

-heaters, 'first lound support among environmentalist's and do-il- 
yourbelfers, photovoltaic^ hjf^ been a realm of three-piece buitb ai(d 
carefullv crafted mvestment planb. Today the .solar cell industry at- 
tracts over $30(y million of private investment each vear, pern^jpb 

,two-third?, of it in the U.S. Sales have grdwn steadily to approxi- 
mattiv $150 million in 1982.^' The industry is div erse, with en- 
^^^R!!£I]l5^^^'^' dozen employees competing alongside elec- 

tromU^Tconglomerates and oil companicb that l^n chained their 
position by gobbling up small firms Tac Man" style. Which photo- 
voltaics companies will succeed is uncertain, but clearly the strength 
of the industry will ht^lp determine how soon solar electricity is 
widely used, 

Most of the earlv investment in photovoltaics in the seventies came 
from private risk capital and government R&D programs. As often 
happens in new industries with low entry costs and promising fu- 
tures, small complies aboutidttd, each pursuing a particular tech- 
nology. In the United States t^he solar cell industry closely follovved 
the'growtli pattern of the semiconductor industry a decade earlier, 
young scientists emplov-^d by large comparfies recogni/.ed the poten- 
tial of photovoltaics ana broke away to start their* own firms. R&D 
fund^ ca.Tic mostly from venture capital supplied by •wealthy indi- < 
viduals who used the investments as tax writeoffs.^'' 

Larce electronics firms and other diversitied c.orporations have also 
hao a prominent role in photovoltaic^. These ♦onxpanies used their 
expertise in relatecj fields to build research teams and^le^elop im- 
proved photovoltaic devices, particularly in Europe and Japan, and to 
a lesser extent m the United btfttes. Only a few such companies have 
begun marketing significant numbers of solar cells, but many have 
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imprcbMvc R&D pro^rcfm.s nnd ma\ be rvady to LommcrLUifi/o ad- 
vanced technologies m the lUMr future. ^ « 

26 

The bolar eell industry has expanded^ rapidly ip recent \ears, and 
important qualitative changes are inevitable vvj^h this growth. Be- 
cause ot the depth andtdiversity of tltv ^hnologv, w entrepreneur 
can be assured that any given apprWic^ will.suca'ed. An expensive 
and technologically sujccessful K&D pro^;i*am could be wiped out 
overnight il a competitiv achieves a dramatic breakthrough. The level 
of ri.sk 1^ rismg because cost reductions incrcMsingh depend on large# 
scale manufacturing processes that require si/able initial inv estments. 
Each year the amount ot mvestment needed to attain a competitive 
position in the industry grows. Companies must somehov\ bridge the 
financial chasm that separates today's modest sales" and R&D pro- 
grams troni the huge, virtually unlimited markets ot tomorrow. 

The largest source ot new capital in photovoltaics in recent years has 
been tHe oil industry . By 1981, eignt oil companies in the United 
States and two in Trance had invested in photovoltaics, together 
,^bringir)g o\er $100 million to the industry each year. Petroleum firms, 
have purchased controlling interest m some solar cell companies, and 
they own a minority share in others. Three solar cell firms that are 
wholly or partly owned by oil companies -all from the United 
States— had an estimated. 80 percent of tlie\vorldvvide market for 
photovoltaics in 1981 according to the Center for RiMic^wable Re> 
sources, a U.S. put^lic interest group. Others hold a dommant posi- 
tion .in developing new technologies not yet commerciali/ed ^' 

. The rush to invest in photovoltaics occurred simultaneously v\ith the 
withdrav\al by some oil companies trom the solar water ht?ater mar- 
^ket. One explanation is that the sojai' collector indui.try de'pend^i 
largely on ptumlping skills and the success of small retail oullets; areas 
where the* oil industry has little experience. Although they also lack 
expertise in semiconductor devices, oil firms do have experience 'with 
lon^-term, high-payoff R&D programs. Becnuse of generally/tight 
cc^ital markets and hieR interest rates, fevv other companies can 
invest tens of millions of dollars in a speculative imjustry where large 
payoffs are at l^st five or ten years away jKmI company exectitiv es see 



'Oil company executives see photo- 
voltaics as an emerging industry in 
whiclt they can use their financial 
muscle productively/' 



f)holovollciicb Ob an emerging industry in which they can use their 
inancial muscle productively. Oil industr) strategists also see in- 
vestment in photovoltaic^ as^an important step in the creation of 
diversified energy companies that will outlast the petroleum era. 

These developments have raised a red flag for many solar energy 
advocates. The) fear that oil companies, witn large holdmgs m natu- 
ral gas, coal and uranium, are now netting a lock on sunshine as well. 
A 1980 book b> Ra> Reece entitlecf The Sun Bdrayed alleges that \\\\^ 
firms intend to slow down the development of photovoltaics until oil^ 
wdls run dr>, when the> can then monop6li/'e tne solar cell intkTstry;. 
*.Karl Frieden of the NatiOfial Center for>Economic Alternatives t^choel 
these fears, assarting that "the oil companies will hold solar power 
hostage, while maximizing their profits from more fimitea con- 
ventional fuel supplies." A study of the photovoltaics industr) by 
Barrett Stambler of the Center for Renewable Resources,, thougKmore 
restrained, concludes that the solar cell industry already lacks com- 
petitiveness and suggests that at least one company practices pre- 
datory, pricing— selling photovoltaics below cost in order to dnve 
other firms out of.business.^ 

. Most solar industr) executives and manv independent anal)t,tb reject 
these changes. Qeorge Tenet of the Solar Energy Industries As- 
sociation, which has several oil company members, claims that, "The 

, number of competitors has consistentiv increased and the selling 
pfife has consistently decreased'. . . There's ho attempt to stifle 
competition or suppress new technolo^)/' Tenet and others point 
out that oil^and photovoltaics compete in separate markets ancf that 
too many companies are currently invplved for any one firm to con- 
tain photovoltaics until the world runs out of oil. Industry analysts 
note that patent protection in photovoltaic technology is mherently 
weak and not likely to block the entry of new firms. And Morris 
Adelman, an economist at the Missachysjittirlnstitute of Technology, 
concludes that "The notion thaf the energy giants, controlling the 
biggest pcvt of the manufacturing capacity in pnotovoltaics, could set 
the price artificially high to protect their other investments is unre- 
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The truth in thit, controvert>> probabK lieb somewhere between the 
two extremes. Oil Lompan) investments have, in fact, spurred the 
photovoltatcb industry, ana so far the Lornpanies with oil industry 
support appear to have innovative, aggressive development pro- 
grams. There is nonetheless cause for concern. Large corporations 
tend to be relatively hidebound and unimaginative, whereas smaller 
companies have made a disproportionate share of the world's indus- 
trial breakthroughs. In photovoltaics, thepioweerine small companies 
have been bought out at an earlier stage in their aevelopment than 
^ * was the case in semiconductors and most other technologies. Oil 
companies bring abundant capital to the solar cell industry, out they 
have no expenence in this field and their record of innovation may 
not match that of smaller companies.**^* 

The trend towarli control of most energy sources by a handful of 
multinational Lorporations.is itself cause for concern. Although the 
photovoltaics inclustry remains competitive toda), large corporate 
control could damage its d>ndrnism at some point in the f^iiture. 
Government programs deserve part of the blame since they have 
channeled most or their funds to larger, more established firms. Gov- 
ernments could foster more competition in ihe solar cell industry by 
making special kwns and R&D grants to small, innov ativ e firms most 
in need of capital.*' Investnnent and innovation must go together if 
solar electricity is to be widely used ijp the near future. 

^> , ' * * 

In international markets competition in photovoltaics is virtually as- 
sured. Of the approximately 60 establisned solar module manufac-, i 
turers, Eur6pe nas 12, the limited 'States has 25 and J^ipan has 15. 
Another 8 to 12 companies are producing photovoltaics in diJ.v eloping 
countries, all on a small scale. Although U.S. firms still have the most 
advanced solar cell technology, their share of the market fell from 80 
percent in 1980 to 55 percent in 1982. Competition is intensifying, and 
the number of companies continues to grovy rapidly, particularly in 
the Third World via joint ventures with European and American' 
companies. Obviously, early leadership will not necessarily translate 
^ into lasting strength in this rapidly evolving industry.'*^ 
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The Europeans and Japanese are im>\ing rapidh to shed their under- 
dog image. Firms in these countri^have made significant progress m 
recent )ears, suiftl) closingyfne gap tn some fields. French photo- 
vollaics expertise has baeh consohdated under two major 
companies — ^Photouattand Prance-Photon. The first has oil companv 
and government funding and the second is a subsidiary of a U.S. 
firm. Similatlv, West Gern>any has two large electronics companies 
dominating tne solar cdl business. Italy too has made a major com- 
mitment, with its government directl) owning most of the country's 
growing photovoltaics industry . In Japan, fprge integrated electronics 
firms sucn as Fuji, Sanyo ana Sharp hav e staked out a strong posi- 
*tion. B) studying American technulogv and carefully plotting their 
"own course, Japanese companies have leapfrogged close to the "cut- 
ting edge" in amorphous silicon production anci other areas, creating 
a stir in the photovoltaics industry around the world. ''^ 

Pholovokdics is developing in a climate of global i nformation f ex- 
change and international business relationships that would have 
been inconceivable a decade or two ago. Extensive travel.and com- 
munication among scientists rapidly spread new technologies around 
the world, and production pro<k'sses are flexible enough tnat patents 
cannot easilv protect particular technologies. In the last few years, • 
international joint ventures and licensing arrangements have become » 
"opular in photovoltaics, allowing companies to enter foreign mar- 
ets and boost sales. Solarex, an American firm that is one qf the two 
largest m the world, has already established nineqDt«t ventures, most 
of them irTEurope: Japanese companies have signed licensing agree- 
ments with U.S. firms that have helped move Japanese researchers 
ahead in some technologies.'*'* 

Despite increased cooperation between some companies, intef^ 
national Lompeiition tn photovoltaics is intensifying. Solar cell pro- 
dtittionand tn6 share of solar cell exports have both increased. Com- 
petition in the ThiM yv^orld— particularly the rapiMly industrializing 
'middle-income" countries* such as Brazil, Mexico and the 
Phifippines— is alreadv intense and may help shape the immediate 
future of the solar cell, industry . International marketing skills will 



boon be important a&Mechnical expertise in determining market 
share. ■ /• 



Expenence indicates that EurufJean and Japanese industries will have 
bome advantages in the market now evolving in phyitovoltaics. Firms 
in these nations have.iraditionally made over naif of their sales 
abroad, and their executiv es have long courted Third World buv er^. 
Indeed, some European and Japanese firms already market' in Third 
World cuuntnti>'man) of the technologies compatible with photo- 
voltaics, such as pumps, generators and batteries. Establishing these 
channels takes y^ears and is almost as^'difficult as developing a new 
technology. * 

Integrating solar electric sjstemsinto such existing mark^s already 
has given French firms> an advantage in West Africa, West German 
firms an edge in Latin America, and Japanese firms an advantage in 
5outheai>t Asia. Some American companies have begun sellhig their 
products abroad via local sales representatives, and one company 
claims that Us staff mertibers speak a dozen languages, ranging from 
Urdu toGr^^k. But many U.S. photovoltaic systems are marketed via 
European intermediaries^not a good omen tor the American indus- 
try.^^ s - 



Governoient Programs and International Competition^ . 

Sin^e the beginning of the space program, governments have also 
channeled funds into photSvoltaics, mainly for researi:h and de- 
velopment, but also to help' commercialize technologies. Today the 
Western industnal countries and Japan spend about $150 million each 
year on ^hotovoHaics, and most budgets are growing. Go\'ernment 
support for photov oltaics deserves high marks for its technical 
achievements and for largel) av oiding the politically-motivated boon 
doggies that have plagued so many government energy programs.**^ 

the United States has traditionally had the largest government pro- 
gram in photovoltaics, but the tide has turned, with the Reagan 
-administration slashing the photovoltaics budget fromJXSO mijlion^in 



"One company claims that ^ts staff 
members speak a dozen languages, rang- 
ing from Urdu to Greek." 



1980 to about $50 million, in 1983. Meanwhile, Europe and Japan are 
moving in the opposite direction. Solar cell budgets nave increased in 
several European countries, particularly in France and Italy. The ^-y 
European Economic Communit) has also stepped up its support, ♦^J- 
whicn includes a series of^Jen^onstratipn projects throughout 
Europe. Together these programs have an annual bifdget ap- 
proaching $50 million Ir^ Japan the photovoltaics buciget has risen 
140 percent in two years \o over $30 million. Including indirect gov- 
ernment support, i't ns only slightly smaller than that of the U.S. * 
program*** - ^ 

Governments do a nurjiber of things wifh their photovoltaics funds. 
They help support R&t) both in industrjji^nd university laboratories. 
Th€;y use loans ancr^ants to assist private^ttwnpanies in developing 
low-cost manufacturing processes. *And they create markets for solar 
' cells by purchasing photovoltaic s)stem^ for government facilities or 
foreign aid projects. Effective support of the photovoltaic^ industry 
requires a balance between these different activities, a point that 
energ) planners in Washington have recently ignored. The remaining 
U S. governrnent funding is directed largely to basic R&D. Efforts to 
help commerdaliz-e low-cosft^hnologies have been gutted. Industry 
representatives, noting th^ large investments required to bridge the 
gap between the laborator)^ and marketplace, say the value of the 
remaining R&D programs will be nynimized if tne government ig- 
nores (mnmercialization.''" , 

Ironically, a conser;^ alive free-market government is ignoring the 
signals. of the marketplace, boosting support for the fading nuclear 
industry^ w hile cutting^/f funds for; rapialv growing solar cell compa- 
nies. The results will not be apocalyptic, out they vyill slow progress 
in the LIS Fortunately, European and Japanese programs retain their 
balanced approach. Perhaps the mu3t effective government photo- . 
voltaics program in the uiellS today is in Japan. Originally modeled 
after the U.S. program, Japanese efforts today stress cooperation * 
between industry and government. The government helps private 
companies take all technologies through the pilot plant stage, and 
long-term programs guarantee a continuing commitment regardless 
of year-to-year political changes.'**' 



The dose relaliortbhig between European and Japanese firms and 
their governments is one reason that the) are so strong in inter- 
national markets. Development assistance programs sponsored b) 
France and West German) help build markets for these nations' 
corporations, and photovoltaics has been a major beneficiary. In 
japan, the Mmistr) of International Trade and Industry (MlTl) nas a 
worldwide reputation for its success in helping domestic corporations 
develop export markets. Though photovoltaics has received only 
modest support from MITl to date, assistance is expected to increase 
rapidly as Japanese firms become active in the international photo- 
voltaics market, which until recently they saw as too small to be 
worth a major push. In contrast, the U.S. Agency Jor International 
Development has funded several demonstration projects, but does 
little to find markets for American technologies. The U.S. Govern- 
ments Commerce Department and various ovsj>8eas embassies today 
-provide only limited, unfocused assistance for U.S. photovoltaics 
e)^ porters. 



There is no eas) way to predict future market shares in photov oltaics 
However, those who do- climb out on the forecasting limb are betting 
mainly on Japan. That country's recent success in marketing high- 
technology products around tne world, combined with its growing 
• nationaKommitment to pholoVolbics, make it a formidable com- 
petitor. In recent )ears Japanese officials have made it clear that they 
welcome the cuts in the U.S. photovoltaics program and hone to use 
this opportunity to close ground on the U.S. industry. Unless U.S 
Government programs are stepped up soon, or private industr)' dra- 
matically boosts Its investments, Japan will probably surpass the U.S 
m solar cell sales by the closepf Jhis decade. Co^nsidering tht? strong 
interest of Japanese companies m export markets, American homes 
might one da) be powered b) .solar electric systems nnade in Japan. 

The photovoltaics industr) nonetheless is likely to retain considerable 
geographical diversity, with American ancKjiuropean companies 
holding substantial m^irket shares for the foreseeable future. Before 
^ too long, developing nations, should also play an important part in 
the industry, first by assembling systems using photovoltaic cells 
made in industrial countries, and later manufacturing photovoltaics 

ErJc , 32 



''J^anese officials have made it clear 
•that they welcome the cuts in the U,S. 
photovoltaics program and hope to^use 
this opportunity to close ground on the 
U,S, industry," 



domestically. Alreac^ an Amentan firm offers an "off-the-shelf" 
solar cell manufacturing plant for sale anywhere in the world— ra 
quick ua) f^ra developing nation to enter the photovoltaics industry. -21 
Man) developing countries will likel> enter the photovoltaics busi- 
ness via joint .v_^ntures with established companies, and already sev- 
eral agrejemenus have been signed and others,are under negotiation. 
India is develclping a largel) indigenous photovoltaics industr) usmg 
the skills of its/scientific communit) and does not allow the import of 
photovoltaic sv stems from industrial countries. A surge in photo- 
voltaics manufacturing in the Third World is likely witnin the next 
few yeacs, led by Bra/iK China, 'India and the Philippines.? _ ^ 

As the solar electricit) market grows, the high cost of transporting 
bulk) and breakable panels v\ill likel) encourage the manufacture of 
at least part of a solar electric S)stem near where it will be used — just 
as happens v\ ith most home appliances toda) . Leaders of man) Third 
World countrie4> have indicated that the) would like to develop indig- 
enous photovoltaics Ihdustries, and some have alread) set up tanns 
■ t o fCD tdct thelmport of complete systems. Indeed, ibint ventures and 
licensinjg arrangements ma) become so v\idespreaa that the question 
of international leadership will be moot. In some cases, silicon might 
be refilled in one country, the cells ma-nufactu/jed in a second and the 
system assembled in a tnird. At some point, ifiost of the money spent 
on solar electric systems will likel) be spent locall)~forassemDly and 
installation. The ct/htrast v\ith the world oil market and its thin line of 
tankers stretched across the oceans could hardly be greater. 



Villages *And Rooftops 

* 

No ofher energy technology has the versatility of photovoltaics. 
David Morris hi the Institute for Local Self-Reliance in the United 
. States observes that, "Usin^ the same energy source — sunlight — and 
the same technology, we could have the most decentralized of the 
most centralized form of electricity generation in history. The 
question of v\hich uses for solar electricity will prove most economical 
and popular has already caused controversy. Advocates of ien- 
tralized solar power cite the economic advantages of large photo- 
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voltaic systems since one set of power lines and control devices can 
serve a large installation. The partisans of decentralized solar electric- 
ity counter that if solar electric systems are placed on rooftops and. 
full> integrated into industries and households, they could one day 
be cheaper than centrall) generated pouer and permit energv inde- 
pendence as well. No clear resolution to this argument is in signt, and 
different uses of sylar power are likely to emerge simultaneously. 

The current market" for solar cells is limited, focusing on specialized 
applications* m areas not y^^t reached byUitility lines. These remote- ^ 
site uses are surpnsingl) numerous and diverse^ how eve spread 
throughout the developing and industrial worlds. And sales are 

f;rowing rapidl>. Tortable soldr cell modules, for example, are popu- 
aron boats and train cabooses. Remote mountahh cabins and scien- 
tific [-es^rch stations are beginning to rely on |pl^tovoltaics rather * 
than di^^l generators. A market for photovoltjiic? to power micro- 
wave f^eaters and other xommunicdtiofe iftstallations is grow ing 
rapidly . ».4d^,jiUunal iut] i re uses for photovoltaics can be found at 
remote^'militarv installations—amounting to 100 megawatts of new^ 
solar cells*eacn year in the United States alone, according to one 
study. In the$e and many other uses soUr electric systems are now 
more economical 4ind reliable than alternatives.'^ 



One interesting new use for phi 
•calculatorNa device pioneered by Japanese companies. Using a tiny 
photovoltaic arru that generates only a few thousandtl^s-xif a. watt, 
■ solar calculators nave no battery -ancj.no on-off switch. When light, 
slnkes the solar ^ells the calculator'automatica-lly turns on. Because 
power requirements are so small, the solar array hardly adds to cost,~ 
and ^e calculators are sold competitively at $10 to $30. Without wires 
or batteries, solar calculators operate eftectivel) with the light t^vail- 
V?le in most rooms. And because both th^ 'calculator and its pc\wer 
system are solid-state devices, thev should last indefinitely. The 
. Japanese haji?e developed a remarkaol> strong mar'ket thtit in just a 
fe\v years hras grown to between 10 ^nd 20 million calculators annu- 
' ally. Indi^try observers believe that by 1985 half of the small cai- 
culators/old worldwide could be light-po.wered. Japanese companies 
are now exporting solar calculators and developing similar aevices 
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such as watches, children's toys and small battery chargers for use in 
remote areas.'"'^ 

During the next decade, small stand-alone ust's for photovultaiLs will 
almost certainly predominate. There, are still millions of houses in 
remote areas of Australia, Europe, North America and the Soviet 
Union that are not connected to power lines. And in developing 
countries, the majorit) of villages and rural areas still lack access to a 
steady suppi) of electricit) . The dream of extending central grids into 
the ' heart of^ darkness" has faded in the face of mounting Third 
World debts and the rising cost of vast networks gf power lihe^. If 
millions of peasants? and villagers are to have electricity in their li?e> 
times, most wHI have to rely on small, decentralized energy 
systeip^.^^ 

Today the only electricity alternative in most villages is a diesel gen- 
erator, typically run just a few hours a day to supply power for 
agricultural equipment and for a few lights in the evenmg. Buf diesel 
generators are expensive and^a bigger problem—unreliable, They 
retjuire regular maintenance and an occasional complete overhaul. 
Since there are so feu trained mechanics in rural areas, broken-down 
diesel generators are a common sight today througfhout the Third 
World. A spare fngine is normally recommended for diesel generat- 
ing systems, to be used when the first breaks down. When main- 
*tenance and fuel costs are added to initial capital costs, diesel gen- 
eratecj electricity co5ts between 20c and $1 per kilowatt hour — many 
times typical electricity prices in industrial countries. 

Several recent studies have reached similar conclusions about the cost 
of photovoltaics compared with diesel generating systems. For the 
small-scale Ui,es for which diesels are inefficient and expensive, solar 
electric systems are already economical^ Louis Rosenblum of the 
Natic^nal Aeronautics and Space Adminstratiow concludes that the 
break even point for replacing a diesel generator with a. solar system 
is now between one and three kilowatts, depending on available 
$unlight'2^d the exact cost of the photovoltare;s. However, as solar 
cell prices fall 50 percent or more as expected ii^the next /ive years. 
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solar power will beLome economiLdl for virtuall/all electricit) appU* 
* catiohs in Third World villages.'"^ 

Small-SLale useb that are already t'Lonomical include refngeratorb for 
penshable food and medicines, cummunicationb i>yi?ten^ij, television 
^i>etb, lights and miljb. Mater pumpinc is a particularly goc^ use for 
solar electricitv since sunlight is usualT) available when water is most 
needed and aiesel pumps are oversized for man) small farms and 
households. In the Third World, just a few hundred watts of power— 
miniscule bv industrial nation standards — can have an enormous 
effect on village.life, providing basic amenities fur the first time'. 

Since the late seventies, a large part of the market for photovoltaics 
ha^ been in developing countries. Interest has been particularly 
.strong in the fhilippines and Thailand, whose governments en* 
courage the use^orphotovoltaics imported from Europe and the 
United States foAcomrrtunications, water pumping and other appli- 
ca*tions. A half dozen developing countries will soorhhave iVidigenous 
photovoltaics industries. In India and Pakistan there is a rapidly 
growing market for solar- powered mi(^ro pumps among small farm- 
ers. And* the Pakistani government ftow plans ito introduce solar 
— - - electricity in 14. villages by 1984.^'^ / 

The foreign aid programs of industrial nations have also begun to 
include photovoltaics, particularl) those of France, the United States 
and West Germany. France has had major programs under way since 
the mid -seventies to install solar-powered pumps and television sets 
in West Africa. The television sets, modified to require as little as 20 
watts of powergbring educational programs to people in remote areas 
at a reasonable cost. The U.S. Acency for International Development 
mstaU?d eight speLiaIl)-desienea solar-powered vaccine refrigerators 
at rural lu*alth centers in 1981^ and has another dozen small-scale 
photovoltaics projects under way, mainl) in Africa. In Somalia relief 
^ groups have brought in over a hundred photovoltaic water pumping 
systems to be used at refugee camps.^^ 

International efforts to pronnote photovoltaics include studies and 
demonstration projects sponsored by the United Nalion&.Pevelop- 





In the Third World/jysl a few hundred 
watts of power'— miniscule Jby industrial 
nation standards — can have an enormous 
effect on village life." 



ment Programme (UNDPj, the World Health Organization and the 
.W.orid Bank Their report^ note that no ebtablibhed and reliable mar- 
ket now exists for photovoltaic s)std'hns in mobt developing countries 
and that the auality of tht equipment bold is uneven. In many areas, 
• protecting solar arrays from dust storms and keeping them clean is 
also a problem. Development specialists, however, are generally con- 
fident that such obstacles can be overcome, and that photovoltaics 

fradually will gain broad appeal for small-scale Third World uses, 
hey are particularly interested in the potential of solar-powered 
pumping systems sin<£e the lack of fresh drinking water and adequate 
irrigation is one of the most urgent needs in man) rural areas. By 
combining solar electric ^vstems with efficient low-head pumps, 
peasants and villagers shjould have an inexpensive ai^rt^^tively 
maintenance-free water supply/'^ ^y** 

One of the more amlbilous plans^for photovoltaics ib to provide 
electricity for villages. The first, experimentaj village system was in- 
stalled on the Papago Indian Reservatipn in Arizona in 1978. Since 
then its 3.5 kiluwalts of cells have powered water pumps, lights, 
refrigerators and communal washing and sewing machines for the 
Schuchuli village's 95 residents,Vho previousl) had no electricity. In 
1979 a 1.8-kik)watt photovoltaic array was installed at the Tangaye 
village in Upper Volta^y the U,S. Agency for International Develop- 
ment. It has oeen pumping 5,000 liters of water daily and .grinding 
enough grain for 640 families ever since. A much larger 25-kilowatt 
sysTerTT in&talled in a Tunisian village in 1982 is pumping water, 
performing agricultural tasks and meeting household needs. The 
village women, who once performed these tedious tasks by hand, 
particularly welcome solar electricity.^^ 

Several other experimental village systems have been §et up and 
carefully monitored, and all confirm the enormous potential of this 
concept For man) of the world's poor who are still without electrici- 
ty, photovoltaics may soon be a reliable power source. First, how- 
ever, governrfients and international aid agencies must arrange inno- 
vative financing. One thing they can do is to use agricultural 
^extension services and subsiai/ed loans that are already in place for 
other technologies to encourage the use of solar pumps and njills. 



Tqda^'onl) the wealthier developing countries c^kNpurc having photo- 
voltaicb, while many African najionb and otheriVthat mobt need a new 
source of electricity caffhot afford it/"-^ 



Decentralized bolar electricity bVbtemh are 
role m industrial rt^wns as well. Solar cells 
le buildinei, or Jil kin 



\\kpl) to pla> an important' 
m be placed on rooftops, 
turning buildings i5t Jl\ kinds into electricit)^enerators. Photovoltaics 
thus has the potential to give ordinar) popplo a measure of energy 
independence unprecedented in4he mocLErn world. With solar elec- 
^tnc systems on their rooftops people wil/no longer be vulnerable to 
fuel pricB increases. With battery storag/ power would stay on ev^n 
if a storm knocks down local electrical Imes. All of this brings psycho- 
logical Satisfaction as well as practica^enefits. Together witb wind 
turbines, geothermal energy, co-gen/ration and small-scale hydro- 

Cower, photovoltaics could gradua/y decentralize power systems. 
Utilities wt)uld not only produce pj/ver, they would become energy 
brollirs, distributing electricity g^erated by tens of thousands of 
small producers. 

If these new energy relation shi!ps are to evolve, rooftop solar power 
systems must be connected vvith the utility gnds that are the main 
source of power in mo^t infuustrial countries. The main reason for 
making the .utility connejJion is economic, electrical battery storage 
can as nrtuch as double the total cost of solar power. But batteries are 
not needed if a utility i>rov ides bcUikup electricity. This requires an 
electricity mverter, arwiexpensive device that converts direct current 
into alterntiting curr^t compatible with the electricity in utility lines. 
Special controls reaulate the electricity going in. and out of a building, 
and two meters yh? installed— one measunng the electricity sold by 
the utility to th^ouseHoRi and the other measuring the power gorhg 
from the housie to the utility. Another possibility ib a sincle meter 
running backward as wj^U^as forward. In some 'months, tne utility 
, might sencl/the customer a check rather than a bill.^ 

Architejrts and engineers in the United States and Japan hav e already 
begun/designing solar electric buildings. Like solar water heaters, 
Dhotovoltaic systems recjuire an unshaded southern exposure and 
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^ "Solar cells may one day become 3' 
major roofing materiaK*" 



durable malerialb.^Lightuoight photovoltaic panels need little ad- 
ditional struLtural support, but tnL-^ do rei]uire more roof bpace than 
thermal colleLtorb clo-r30- to 50-si]uare meterb for a typical 
household-size system in a sunny region. 



In the, United States approximatelv one-third of existing residential 
buildings Lould use photovoltaics-^a total of 20 million houses. Hov\- 
ev4^r, taking maximum advantage of photovoltaic electricit) will re- 
uuut^that ele,clriLit) be used more efficiently and that new houses be 
aesignOJ vyith this technology in mind. A 1981 study by the^olar 
Energj Research Institute shows that in most parts of the United 
States a mode/ate iy-si^ed solar electric system on an energv -efficient 
hoyse i:an provide electricity than the houses uses. However, 
mucRof this power would be generated w hen it is not needed by the 
homeow ner (and U^.>uld be sold to the utility). The household would 
depend on the utilitj for electricity when the sun is not shining.^^ 

The world's first speciaJK designed photovoltaic residence was built 
in Phoeniii,, Arizona in 1980 with the help of the U.S. Department of 
Energy funding. Sinc'e then, approximately a (Jo/en solar electric 
buildings have ueen Kuil.t, most of them experimental houses in the 
United States. At"1&tlisJ one architectural firm has begun designing 
s61ar electric homes Lirmmerciall% and others are considering enter- 
ing the* field. Right i?ow, howGver, this is a specialty market for 
wealthy individuals vvHth'an adventurous spirit. A photovoltaic sys- 
tem today adds at least*$6U,'O0O to the cost of a house, and the solar 
electric homes sold so far have mainly been in the -$200,000 to 
$40(3*000 range. These houses have nonetheless been an important 
proving ground, allowing arehiteets to experiment with,different de- 
signs, improving their aesthetics and ruggedness.^^ 

Because rooftop solar systems are exposed to the elementiNjnd falling 
de*bris, they must be exceptionally durable. Recent innovative de- 
signs integrate solar cells into the roofs themselves^ and solar cells 
may one day become a major roofing material. One design mounts 
photovoltaic panels on tracks, allowing tfiem to slide easily oja or off 
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the roof. Another Lompirti) hab developed d photovoltoiV bhmgle that 
provides power and also prote'Cb the roof. In all cases case of in- 
stallation and repair is essential. Some solar ele'LtriL s) stems ^an be 
a^dded to a properK designed house in )ust a feu hours. Ar^hiteLts 
* liave alread) demonstrated that*solar ek»ctric buildings can be at- 
tractive. Whj,le some are brashly modern— dominated by their photo- 
voltaic systems others have a variety of traditional styles that make 
the solar systems barely noticeable.'*''^ 

A bona fide market for solar electric houses should emerge when 
photovoltaic module prices fall k) about $2 per v\att— approximately 
one-cjjjarter their current level This should happen by the earlv nine- 
ties. At this price a three-kilowatt photovoltaic system providing 30 
percent of an energy efficient household's electricity needs coulu be 
installed for between $12,000 and $18,000.'^ With tax credits such 
"those already in place in some countries, solar electric houses would 
clearly be economical. And as prices fall below $2 per watt, solar 
electric homes will be generating electricity at a price competitive with 
utility generated power. i 

Some people look at rooftop photovoltaics as an energy panacea Ihdt 
will soon price utilities right out of the electricity business. Such 
views are fanciful and could be self-defeating. Solar electricity is not 
going to become cheap anytime in the foreseeable future. Rather, 
photovoltaics will gradually reach price competitiveness uith con 
ventional generating technologies and then only slowly undercut 
thtjp, probably around the turn of the century. 

Communities in all butihe. most overcast climates should eventually 
be able to obtain at least)a quarter of. their electricity from rooftop 
photovoltaics. BuWhcx' pjhotovoltaic svstems will never stand. alone 
if the goal IS ecrfnomicah, uninterrupted power. The sun often shines 
brightly only 'a feu"^ hours a day, but elecjtricity is needed con- 
tinuously. It makes sense, therefore, to link solar electric svi^tems 
with other generating technologies, including the manv other rje- 
newable energy sources now being developed. Careful pfanningcan 
produce a diverse but still econoniical and rehable power system,'*" 



1 ^ [ ^ 

"It makes sense to link solar electric sys- 
tems with other generating technologies, 
including the many other renewable 
energy sources being developed/' 



Solar Power Stations 

Decentralized uses of photuvoltaicb notwithstanding, large, cen- 
tralized photovoltaic power systems have long fascinated some scien- 
tists and planners. As early as the sixties University of Arizona re- 
searchers proposed the use of massive solar arrays^laced in desert 
regions to supply much of the world's power/'^ Large solar electric 

Systems do Have some niodest economies of scale, and, at least until 
ecently, they seemed to match most closely the popular conception 
»t hoVv a modc*rh power system should be structured. Utilities.have a 
growing interest in photovoltaics, and centralized solar power, they 
feel, ensures that they will get a piece of the action. 

The most dubious plan for harnessing solar electricity is the satellite 
solar power station. Several researchers in the United States have. 

Proposed placing large arrays of solar cells— about the dimensions of 
!anhattan--in stationary orbit around the earth, using microwave 
transmitters to convey the power to land-based receivers. A satellite 
power stati9n,;proponents ppint out, would receive intense 24-hour 
sunlight outside the earth's atmosphere. Designing and building the 
first such "Manhattan-in-the-sky' would take at least 20 yeap and 
cost well over $100 billion, making it the largest construction project 
ever undertaken. It would also be the .most centralized form of elec- 
tricitv generation in history , but^ientisls'agree that it is a technically 
feasible concept.^* 

Good theory does not always make good econprAics, and recent 
studies cast serious doubt on the satellite solar power idea. It will be 
decades at least before the vast quantity of materials needed to build 
an orbital power station canj[?e economically boosted into space — or 
rtiined froni the moon Some skeptics qSestion whether construction 
will ever be economical considering the large amqunt of energy re- 
auired to overcome the earth's gravitational pull. More disturbing are 
the potential health and environmental effects of a high-energy beam 
aimed at the earth's surface. People would inevitably be exposed to 
low levels of microwave radfatioff that might cause health problems. 
The.earth's atmosphere might also be damaged irreparably. Becaus^e 
of the combination of staggering economic costs and environmental , 



nskb*, the U.S. National Academj of Sciences recommended in a 198] 
study that no funds be committed to sokir power satellites — ^an un- 
usually firm judgment b) the Auiciemv against further research An 
additional problem v\ith satellite solar poUer is the aura of science 
fiction, it gives to a technology vvifrhmany h.ere-and-now 
applications/" 

Other centralized photovoltaic designs show niore promis"6. Gov- 
ernment and private researchers in the last feu years have begun 
designing large, earth-based photovoltaic power systems. The effort, 
however, has been overshadowed by much larger programs in 
Europe and the United States to develop solar thermal power plants 
using concentrated sunlight to boil water^a net turn a turbine and 

i;enerator.^^ Although these more coriventiona^solar systems have a 
arge potential in some sunn) regions, phbtovoltaics likely will be 
more economical in the long run — and more flexible as well. Since 
1980 government funding of solar thermal power systems has de- 
clinecT while funding of photovoltaic^ has risen in most countries 

Only a few large photovoltaic projects have been built so far. A 
240-kilovvatt solar power project using concentrators was completed 
in Anzoha in .J 982. It provides electricity for the Skj Harbor, Airport 
near Phoenix and was largely financed by the U.b. Department of 
Energy. A similar s)stem, funded jointly oy the Saudi Arabian and 
U.S. governments, was installed in Saudi Arabia in 1982. It generates 
350 kilowatts of solar power with diesel back-up for three Saudi 
villages. Perhaps most exciting is the 200-knowatt photovoltaic 
powered solar cell manufacturing plant built b) the Maryland-based 



fmanced witnout government support, a "solar breeder" because its 
large b*\nk of solar cells provides enough electricit) to manufacture 
another 200 Kilowatts of cells every 28 days. The system is electrically 
independent, with batteries for backup power. Solarex officials have 
begun selhng modified v ersions of the plant to industries in develop- 
ing countries lacking extensive utility grids.^** 

Meanwhile, utilities in California lead in integrating solar power sys- 
tems into theii; electricity grids. The Sacramento Municipal Utility 
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District (SMUD) has begun work on a lOO-megawdtt (100,000 kilo- 
watt) photovoltaic power plant scheduled for completion by 1994 at a 
total cost of o\er 5/50 million The first phase of the project, funded 
partly bv the federal and ^tategvHernments, will place one megawatt 
(1,000 kilowatts) in operation bv 1984. The project will use flat plate 
arrays that occupy 1,100 acres'of nowAacant land adjacent to the 
Rancho Seco nuclear power plant, and generate a tenth as much 
power as the nuclear plant does. The first privately funded photo- 
voltaic power nlant is under way in southern California. Financed 
and' built by the ARCO Solar Company, the project will feed one 
megawatt of power from flat plate solar arravs mounted on computer- 
controlled tracking devices into the lines of the Southern California 
Edison' Company in 1983'. In Italy a one^negawatt government- 
funded photovoltaic plant cajled the Delphos project is also sched- 
uled for cpmpletion in 1983.^"^ ' ^ 

Thes^ utility projects are^iarbingers of things to come. As many as 
ten similar projects will likel> be Announced in the ne\L levy years, 
mostly in areas of the western United States and southern Europe 
with ample sunlight and existing oil-fined power plants that utilities 
wish to decommission. Utility planners point out that land avail- 
ability will not be a problem for the foreseeable future, particularly^ 
f since, there is much unused land adjacent to existing power plants 
and^along power line rights of wa>. Beyond boosting electricity ^p- 

plies, Ihese projects create. a large new .market ipr the photovoltaics 

industry, helping bring down costs and improving the economic 
feasibilit) of all photovoltaic installations! The §acramento project 
alone could, b> tF\e-mid eighties, add morje solar cells each year than 
are currently produced worldvvide. 



The Future of Solar Power 

*> 

, 'the big news in the photovoltaics industry in^theearlv eighties is that 
it is prospering despite a worldwide recession in wnich man> more 
established industrids^are pn the brink of insolvency . Production of 
solar cells has expanded fivefold during 4 three-year period in which 
the world econom) grew at a meager 1 percent annual rate. Based on 
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matiufactijring plonb now under construction and unpreced/?nted 
mameting efk)rtb on the part of several large comp»nies,^rolific 
gro<ah of about 50 percent per >ear is virtually guarantejKl for the 
" next three to fitfe vears. B> 1986, the photovoltaics industry world- 
wide will probablv be producing five times as many solar cells as it 
dicj/in 1982. . 

Much more difficult to answer is the question of how widely photo- 
voltaics will be used in the more distant future. Since the eady seven- 
ties, many predictions have been made about photovoltaics, but most 
should be taken with a grain of si^lt. They ar^ usually based on 
. , dubious assumptions about the p6tential for cost reduction, future 
economic conditions and the rate of growth in electricity demand. As 
the estimates and assumptions are amassed, uncertainty multiplies 

The goal of the U.S. photovoltaics program, as formulated by Con- 
gress in 1978, was to double the manufacture of solar cells each year 
in orflec to reach an annual output of 2,000 megawatts of cells by 1988 
(250 times the 1982 total). The U.S. Department of Energy sub- 
sequently established a target of obtainin_g^ one quad (ouadrillion 
' Btu's) of energy from photovoltaics by the year 2000. This would 
require an installed capacity of over 50,000 megawatts, which should 
supply about half as much power as nuclear plants provide today 

The United States has already fallen short of the production trends 
required to meet these goals, and there is now general agreetnent that 
Ihey will be reached much later than planned. The'Reagari ^min- 
istratiunlsjtuibacks in the photovoltaics budget and its abandonment 
of corn mercialization programs have dealt U.S. photovoltaics goals an 
aciditionaPcrippling blow.'^ ^ 

What'vJIht wrong? Does the slippage of these targets mean we should 
reduce efforts to harness photovoltaic electricity? In truth, the main 
. problem is not with solar celptechnology but with the goals them- 
selves, which^call for Unrealisticallv rapid progress. Photovoltaics 
continues to follow a remarkably ambitious cost curve, but because of 
the large investment needed ifi automated manufacturing processes, 
progress gets tougher the further prices fall. Laboratory achievements 



ERIC 



'14 



"Energy conservation and modest eco- 
nomic growth are now the driving forces 
in the energj^ marketplace — something 
that no realistic photovoltaics forecast 

can ignore." 



hdvepeen impressive, but time and money are needed to get from the 
JahgRthe factor), an inevitable truth in any new industry that photo- 
vol^cs forecasters tried to sidestep. Their goals called for solar elec- 
tricit) to become vvidespread much faster than has nuclear power, 
.while spending onlv a small fraction of the funds that have been 
committed to nuclear power development. ' ^ ' > 

Predictions about photovoltaics also often assume that the world has 
an insatiable appetite for electricity. Mhivv analysts echo the Unre- 
alistic foreLastsof thp utilitv industr) , whicn still see3 electricit) use in- 
indu^tnal Lountnes growing b> two-thirds in the next 18 years. The 
unspoken assumption in thtSe forecasts js that despite rapidl) rising 
electricity prices, the world will continue to substitute electricity for 
all other forms of energv. Some boost their forecasts even higher by 
assuming,. that the electric car will be commonplace within the next 
decade.^ ^ 

Sqch analyses are well out of line with current energy trends. Energy 
conservation and modest economic grow th are now the driv ing forceb 
in the energ) marketplace— something that no realistic photovoltaics 
forecast can ignore. Data from several major industrial countries sho\«i 
' 1 to 2 percent yearly grow th in electricity use in recent years, in some 
cases slower than the growth rate of the economy as a vvhole. Credible 
forecastgfjslnow project very slow or even no growth in electricity use 
during the next two decades. Interestingly, this low growth rate has 
been partly caused by th6 very trends that boost the prospects for 
photovoltaics— soaring costs for Coal and nuclear power plants. Elec- 
tricity prices will almost certainly continue to rise during the next 
decade, since coal and nuclear energy are by far the largest new power 
sources coming on line during this period, and many power plants are 
suffering massive cost overruns that have yet to be financed. Assum- 
ing rapid electncity growth during this period i5 wishful analysis 
reminiscent of the early days of nuclear power. ^ 

Because of slower grow th in electricity tise, the absolute size of the 
market for photovoltaics during the next two decades will be smaller 
than was assumed a few years ago. In the major industrial countries;^ 
which already have considerable utility overcapacity, few new power 



plants are needed. New ' electricity generation, houever, will be 
needed m developing countries and in industrial nations, as old^r 
power plants are replaced. These will be sizable markets for photo- 
voltaics, though not as large as was once thought. 

As a result, photovoltaics will likely be introduced gradually over the 
next 20 years. This is actually an asset, because if solar electric sys- 
tems are mtroduced slowl), they can be linked effectively to existing 
power t>ources and enriployed in the most efficient manner. Nuclear 
power prov ides a good example of.w hat can go w rong if a technology 
IS too quickly^ forced on^an .unprepared world. 

In an energy -conserving era, solar electricity has a major role to play. 
Photovoltaic technologies and energ\ conservation technologies nave 
a naturally sy nergistic relationship. The low er the pow er requirements 
of a^ particular dev ice, the more practical solar electric sy stems become. 
One improvement helps encourage another. French and Japanese 
companies, for instance, have worked hard to reduce the electricity 
neeas of television sets and calculators so that they can be powered 
with solar cells. A Jafg^merican "all-electric" house would be hard to 
power with photovoltaics, but the "low-energy" houses now popular 
in Scandinavia would be quite adaptable. The more that electricity 
requirements can be rt^uced in households and industries throughout 
the world, the closer we will be to widespread, practical use of pnotov 
voltaics. Photovoltaics, in turn, will spur the increased efficiency of 
motors and buildings.^^ 

A few predictions are now possible. BaSed on the most recent cost 
trends, photovoltaics should begin replacing most diesel generators 
and become the largest new source of eiectricitv for v illages in develop- 
ing countries jlvithin a few years. Third World governments and 
international aid agencies, however, must help introduce solar electric 
systems if they are to be widely used. Most important are financing 
mechanisms for poorer areas ot the Third Worlci. Py the late eighties, 
centralized photovoltaic power stations should become conventional 
g^jnerating technologies in many regions, and utilities w ill help lead 
the way in introducing solar electricity. By the early nineties, rooftop^ 
solar electrjc systems should begin to catch, on. 



5. 

Worldwide annual production of pfiotovoltaics is likely to rise to 
between 200 and 300 megawatts of capacity bv 1990 and to over 1,000 
megawatts bv the end of the century . Thiswill make the photovoltaics 
business a billion dollar industr) by the late eighties anci push it close 
to the $10 billion mark by the year 2000. Total installed s^ar electric 
capacity will probably be between 5,000 and 10,000 megawatts by 
cenlurj's end. Although this will be enough capacity to supply only a 
few percent of the world's electricity, it will set the stage for the rapid 
introduction of solar electncity in the following) ears. By the middle of 
the next c^ntur) photovoltaics may be providing between 20 and 30 
percent of the worlcUs electricity and serving as a cornerstone of a 
sustainable global, power system.*** 

The exact pace of photov oltaics dev elopm^nt and the installed capacity 
in particular years w ill depend mainly on how fast large-scalerlovv -cost 
manufacturing processes are introduced. Today the largest photo- 
voltaics plants being built produce between two ar^d three megawatts 
worth or solar cells a year. Building mare advanced plants that annu- 
ally produce solar cells capable of generating 20 or 30 megawatts could 
lead to module costs of less than a quarter tHe current figure, Thecatch, 
of course, is that such plants w ill be expensive and companies will not 
build them until the market grows suDStantially. Jt 

The most important step that governments can take is to help stimu- 
late the market for solar electric systems throueh the use of tax credits 
and loans, and b) purchasing photovoltaics airectly for use on gov- 
ernment buildings, militar) facilities and for the poor. Demonstration 
projects and educational programs such as those of the European 
Economic Communit) can also encourage production. Equally critical 
IS the success of the photovoltaics industry in raising needeci capital. 
Careful planning anu close relationships between photovoltaics com- 
panies and the investment community are essential. 

If government support of photovoltaics is compared with support of 
nuclear power — another modern technology for electricity 
generation— the disparity is obvious. Even today governments spend 
several billion dollars annually on advanced nuclear technologies— 



over ten times as much asthev spend on photovoltaics. Yet even under 
optimistic assumptions breeder reactors and fusion power plants will 
Q take longer to enter vvidespxead use than w ill photovoltaics."^ While 
O dozensof companies are working independeiltly on photovoltaics, no 
pnvate firm has invested a dime in breeder reactors without massive 
government backing. B) restoring some balance to energy develop- 
ment programs, governn^nts could get more for their taxpayers' 
' money and dramatically boost the pace of photovoltaics com- 
mercialization. If solar cell technology had received the kind of intense 
multi-billion dollar support in the fifties that nuclear power was given, 
photovoltaic systems v^ould already be'cpnimon on rooftops. 

Of course, the benefits of solar electricity cannot be measured simply in 
kilowatts or percentage points alone. Photovoltaic systems cause 
fewer environmental problems than any other means of generating 
• electricity. They area particularly striking contrast to coal and nuclear 
power, the most rapidly growing electricity^ sources today Each of 
these poses er^vironmental risks on an unprecedented global scale. 
Photovoltaics, on the other hand, is a major step toward an ecological 
and sustainable energy systenip , 

Photovoltaics also has a strategic value that other enerey sources lack. 
It will make small amounts of power availotsj^in virtually any corner of 
the globe, allowing developing countries to leapfrog the now pro- 
hibitively expensive process of extending electricity grids to all areas. 
Rarely do the world's poorest h^jve a chance to benefit from one of the 
world's most advanced technologies. Photovoltaics not only can help 
remove some of the drudgery of village life, but by pow^rinc commu- 
nications systems it can help educate people and bind together emer- 
ging nations. * * ^ ^ 

The potential contribution of plWtovoltaics is perhaps itiost visible in 
the happiness of an African nomad w^ experiences running water for 
the first time. It is also clear in^the improved health of an Indian^villager 
who uses solar electricity to refrigerate food and medicine. Thanks to 
the advances being made in this seemingly exotic new technology, the 
living standards of hundreds of millions of people can be significantly 
raised in the next few decades. 
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Notes 



1, Quotation from ARCO Solar News, April 1982. 

gure-a4isum^*-iv3-kilevvd4f-9ystem trt-art installed cost of $17 per peak 
watt or dose to twice the cost of the photovoltaic module alone. The cost 
could be much higher with a larger system. For details, see sections.of this 
paper: "The Cost Keduction Game/' and "Villages and Rooftops." 

3, Projections are the author's and are described more fully in the last section 
of this paper: "The Future of Solar Power" 

4. The early developp^nt of photovoltaic cells is descnb^d in Ken Bufti and 
' John.Perlin, A Colden Thread.. 2500 Years of. Solar Ardntecture and TeJmology 

(New York. Van Nostrand Reinhold and Co., 1980), and Paul D. Maycock 
and Edward N. Stirewalt, Photowltatty Sunlight to Elettnctt}/ nt Otw Step (An- 
dover, Mass.. Brick House Publishing, 1982).. Additional details were sup- 
plied by Calvih Fuller, who was on tne original Bell research team, pnvate 
communication, March 1, 1982. 

5. "Solar Cell is Ready for Commeraal Jobs," Business W^ek. July 20, 1957. 

6, Photovoltaics has had advocates in the scientific community since the 
fifties, but until recently these people lacked any real political clout. For a 
good history of U S. attitudes toward solar energy and its political status 
vis-a-vis nuclear powet, see Lamont C. Hempel, Tlie I^olttttb of Sunshine, an 
unpublished doctoral dissertation of the Public Policy Program, Claremont 
Graduate School, Claremont, Calif., 1982. 

7. Cost estirpate is from Calvin Fuller, private communication, March 1, 
1982. 

8, Maycock and Stirewalt, Photovoltaics/ ^ 

9, Ibid. ^ 

10. Tt# 8,000 kilowatts figure is the author's estimate based on the as- 
sessments of various industrv analy sts. See, for example, "IEEE Conference 
Report. Optimism Prevails, ' Photowltati hibtdefb Report, November 1982, 
which describes the results of a September survey of photovoltaics analysts. 
Historical figures are based on Strategies Unlimited, 1980 SI Market Review 
(Mountain View, Qilif.. 1981). The 1,800 houses figure is based on the as- 
sumption that the houses use an average of 800 kilowatt hours of electncity 
each month and that the solar array s operate on average at 25 percent of their 
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cdpacitv — t^piLdl of thtX ^,uthern U.S. Since electricit) is often tised at times 
when tne si^n is not shtrHng, more photovoltaics and electrical storage would 
be required tp actually rrieli the needs of this many houses. 

11. Good overviews of conventional solar cell technology are included in 
May cock and Stirewalt, n\ii\ovo\ia\i,b, Ed Roberton, ed., im Solarcx Guide to 
Solar Ekitricity (Rockville, Md.. The Sol a rex Corporation, 1979), Bruce Chal- 
mers, The Photovoltaic Generation of Elect ricity7' Suenttftc American, Oc- 
tober 1975, and Yvonne Howell and David Adier, "How Silicon Solar Cells 
Work,'; Summld. Vol. 4, No. 1, 1980, 

12. Yhe photovoltaics industry is described in U.S. Department of Com- 
merce, rhotovoltaics Industry Profile," unpublished, 1981, Barrett Stambler 
and Lyndon Stambler, Cowfhiition m thv Pholoivltaui* lndiii>tr\f. A QiiebUon of 
Balance (Washington, D-C. Ce^r for Renewable Resources, 1982), and 
Science Applications, Inc., Charattcnzation attd A>i,Cbt>metit of Potential E^itropeun 
and Japanese Compel d ton in Photovoltain^ (Springfield, Va.. National Technical 
Information Service, 1979). Total sales and investment figures are not col- 
lected, so the figures used here are estimates based on the abov e sources and 
the assessments of industry analysts as reported in various issues of Photo 
wltaic Insiders Report nnd World-Solar Markefs. , 

13. Figures un current uses of ohotovoltaics are estimates by U.S. photo- 
voltaics consultant Paul MaycocC pnvate communication, March 8, 1982. 

14. The three examples are drawn from Arco Solar Neivb, various issues. 

15. Phutovoltaics technology is fundamentally different from all other tech- 
nologies for electricity jjenei'ation used today. It is the only technologv that 
dues nut rely on a mecnanical turbine and electrical generator. In botn cosl.^ 
and lifetime terms photoroltaics has the potential to achieve performances 
beyond those of an) conventional technologies. One of the central challenges 
cumes in designing support equipment that is longlasting enough to allow 
photovoltaics to reach its potential. g 

16. Unless otherwise noted, price figures used here are in U.S. dollars per 
peak watt of generating capacity, which is the amount of power a solar 
module )ields^ hen placed in full>sunlight at noon. This does not include the 
balance-of-system cosfs for the support sfructure, wiring, installation, etc., 
whiLh add 50 to 100 percent to the price of aphotovoltaic system todav— an 
issue discussed at the end of this section. The $1,500 figure for a 100-watf 
light bulb-assj[ixn£S.a total system cost of $15 per peak watt. Such a system 
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would' fully light the bulb onlv when tht? bun ib shining brightly. The ac 
cost of etectricity generated oy a solar electric system vanes widely, 



! actual 

^. — ^ J o - J ,videly, de- 

pending on how i^unny the Llimate. A 1 -kilowatt system might produce thre^ 
kilowatt hours 6f eleetncity ea^h dav in one region (12 percent capa^it) factor) 
and six kilowatt hours m another (25 percent capacitv factor), )ielding a 
percent different? m electnaty costs. The historical price figures ar^ es< 
mates based on various sources, including Strategies Unlimited, 1930-81 
Market Review. These figures are in current dollars, so if the figurejr tvere 
adjusted to account fgr inflation, the pnce trends would be even Ofiore dra- 
matic. 

17. Overviews of photovoltaiLS R&D programs are incFlid^J^n Science Ap- 
plications, Inc., CtMraLtcriztitton and Abi>ebi>metit of Potent lalMropean mi japan 
ese Conwetitioa in PlwtovoltaiLb, Robert R. Ferber, U.S. ^KTropulsion Labora- 
tory, "The Status of Foreign Photovoltaics R&D," in Uo. Congress, House of 
Representatives, Subcommittees on Energy Devek^^nent and AppUi:ations, 
and Investigations and Oversight, Committee on Science and Technology, 
Joint Heanngs, June 3, 1982, and Monegon iod.. The Future of Photovoltaic 
Electricity. The Next 20 Years (Gaithersburg^^^.. Monegon, Ltd., 1982). 



18. Author's 
November^ 
ve!opment\ 



cSed on Robp^ R. Ferber, private comm'linication, 
and Intematiopl Energy Agency, Energy Remrch De- 
^lonstration in the^A Cotmtries (Paris: 1982). 



19. Although photovoltaiLS jtnd microelectronics are related, the cost reduc- 
tion strategies employed «ue i^uite different. Microelectronics costs have been 
reduced pnmanly by sifueezing an extraordinary amount of complicated 
electronic circuitry imto tiny silicon wafers, whereas photovoltaics re- 
searchers airn tOyfJroduLC l«5rge quantitites a semiconductor material 
cheaply. Cost Muuction in photovoltaics is rtwinly dependent on the de- 
velopment oLffiexpensive mass production techniques, 

20. Techtfiques for reducing the cost of single-crystal silicon cells are de- 
scnl»i^n rtenrv Kelly, 'Thotovoltai\Power Systems. A Tour Through the 
AlU^matiVcs," bitente, February 10, Iv!^, Jeffrey L. Smith, "Photovoltaics," 
Saence, June 26, 1981, Charles F. Gay, "Solar Cell Technology: An As- 

"^essment of the State of the Art," Solar En^^ineertng, March J980, and H. L. 
Durand, "PhotovoltaiLS. Present Status and Future Prospects," Sutworld, 
Vol.4, No. 1, 1980. sfV 

21. Companies that have developed processes to griw ribbons or sheets of 
single-crystal siliLon tells melude the Energy Materials Corporation, the Mo- 
^ r Energy Corporation^ Motorola, Int. and We^inghouse. All are in the 
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U.S. and some are licensing the technolugjes abroad. The \anous manu- 
faLturing processes are described in MaycoLK and Stirewalt, Photovi)ltan,i>, and 

' ^ Joseph L Loferski, Thutovoltaics I. Solar Cell Arrays," /£E£ Spettrum, Feb- 

52 ruary 1980. 

22. Polycrystalline ingot technology is des^Hbed in Maycock and Stirewalt, 
PhotovvttiUi>, and J; Lindmayer anaZ. Putney, "Semicrystalline Material from 
Metallurgical Grade Silicon," in Fifteenth IEEE Photovoltak Spet^ialii^ts 
Confmnu*^l981 Proceeding's. Kissimee, Flonda, May 12-15,, 1981. Additional 
details were provided bv Len Magid,-Solarex Corporation, pnvate commu- 
nication, October 27, 1982. Solarex is the world leader in developing this 
technology. Crystal Systems in the and Wacker .Chemie of West Ger- 
many are also working on polycrystallme cells. 

23. J. Richard Burke, "Photovojtaics. Down to Earth at Last," Solar Energy 
Rebeanh jourmU, Sprine 1981. An overview of thin-film solar cell technologies 

^ is included in Maycock and Stirewalt, Photovoltaics. 

'24. Research progress in amorphous silicon is described inAanuus papers 
included m Fifteenth IEEE Photoivltaub 'Speualiiits Confer enu— 1981 Proieedin^i*. 
See also "S^myo Electnc, Fu)i Electric Boast Amorphous Si PV Efficiencies of 
t 6.91%, 6.47%," Solar Energy Intelligence Report, April 27, 1982, Paul Danish, 
"Japanese Produce Amorphous Cells vyith Over 7.5% Conversion Ef- 
ficiency," Solar Times^ October 1981, "RCA Achieves Record 10% Efficiency 
fonts Amorphous Silicon Cells," Photovoltaic Insider i> Report, September 1982, 
and "Japanese Firm Gets 7%^ Efficiency," Solar Engineering ami Contracting, 
October 1982. Japanese companies produced 700 kilowatts of amorphous 
silicon cells m 1982 and by 1984 will have at least 5^000 kilowatts of manu- 
factunng capability, according to Paul Maycock, "My Fact Finding Tour of 
Japan," Solar Age, September 1982. Japanese companies developing am- 
orphous silicon cells include the Fuji Electric Company, the Sanyo Electric 
Company and the Sharp Corporation. Leading U.S. firms include ARCO 
Solar, the Chronar Corporation, Energy Conversion Devices, IBM and RCA. 
A particularly exciting joint venture in amorphous silicon was announced by 
the Sharp Corporation in Japan and Energy (Conversion Devices m the United 
Stmes in 1982, described in Burt Solomon, "Sharp, ECD to Produce Silicon 
Cells in Japan," Energy Daily, June 22, 1982, and Wayne C. Johnson, "Sharp- 
ECD Solar Receives^-MW.'year PV Machine," Solar Engineering and Con- 
Ant^ting, October 198^:, The entry of the Chronar Corporation into the com- 
meraal market for amorphous silicon cells is descrioed in Burt Solomon, 
"New Low -Cost Photovoltaic Cell Goes on Market," Energy Daily, June 3, 
1982. 
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Fifteenth /E£f PhiAnvJtaui. S/;aw//.sfi» Confer^me^ 191^1 Pram////^^. S^e also 
Paul BIylhc, Jr,/Thin Film Solar Cell Research P rogresses/''SD]rtr Eh^weer- 
ittg. April 1981 ''Boeiag ALhieveb Hifthybt EfficienL> tv^er for True Thin-Film 
Photovoltaic C(^I/' Sohir Lner^y Intelligence Rcyort, August 4, 1980, Solar En- 
erey Research, Institute, Lnvmmmcntal Health, Safety, anM Re^uhtoty Revieio of 
Si^iXtetl Phohmtim 0/'//t>//> (Springfield, Va.. National Technical Information 
Service, 1982). ' . . . 

26. DortakI Feucht, "Recent Progress in the Development of Advanced 
Solar Cells" and | Stankiewic/ and W. Ctriat, •'Materials for Tandem Solar 
Cells," both from Fifteenth lEEL Photovoltaici, Spaiiilibti^ Conferenie*-l9Sl Pro- 
teeding^. 
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